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I  vQuld  first  like  to  add  ny  velcone,  to  that  of  Colonel  SlJ!id>rouQb*s, 
to  all  of  yoa  on  this  occasion  of  the  Seventh  Synposluin  on  Hydrogen  Thyra- 
trons  and  Modulators.  I  would  also  like  to  thank  Colonel  Kimbrough  and  the 
Laboratory’  for  malcing  these  facilities  available  to  us,  cc  that  we  can  con¬ 
tinue  to  carry  on  this  effort  of  I  rlnclng  together  on  a  biennial  basis  the 
foremost  experts  in  the  field  of  modulator  devices  and  modulator*. 

Ojr  objective  for  this  Symposium  rcr.:.vln">  t)ie  soi.ie  as  11.  has  been  frc« 
the  first,  to  pro'/ldc  a  meeting  ground  for  the  device  designer  and  the 
device  user  to  discuss  their  achievements  and  their  problems  so  that  each 
may  ctinu.late  the  other  in  turn.  To  this  end  the  Synposlum  Coonlttce  has 
asecmbled  a  program  that  covers  a  ’-'ide  range  of  topics  In  both  the  device 
area  and  In  ir.od'ilator  de.";ign  and  techniques.  The  devices  to  be  covered 
Include  hydrogen  and  deuterium  thyi'ntrons,  Ignltrops,  nperk-gaps,  magnetic 
ncdulatorfl ,  hlgli-vacuum  modulator  tubes,  and  solid  state  devices.  Modulator 
discussions  wlH  Include  both  line-type  and  hai'd-tube  type  as  well  es  the 
need  for  and  methods  of  providing  protection  In  high-cnerigy  sLurage  systems. 

The  SyiTiposlum  Ccmialttec  has.  In  my  opinion,  done  a  magnificent  Job  in 
providing  this  wcll-balcnccd  progi-an.  Obviously,  hovcver,  this  could  not 
be  accomplished  without  the  existence  of  two  factors:  first,  the  great 
cooperation  of  Industi-y,  the  universities,  end  the  military  services  In 
providing  the  speeJeers  the  opportunity  to  report  on  their  efforts;  and, 
second,  the  large  scale  of  activities  in  the  modulator  field  In  the  three 
countries  represented  here  today.  Ibis  laige  scale  of  activities  Is  directly 
reflected  In  tl'e  size  of  the  program  for  the  next  three  days.  This  year  the 
Conmlttee  has  scheduled  thirty-seven  papers,  cc®:pared  to  iipproxlmately 
thirty-one  at  the  Ir.-’t  meeting,  and  It  was  forced  to  reject  o  number  of 
’/orthy  papers  over  and  above  those  tliat  were  scheduled.  In  addition,  they 
vtre  also  forced  to  forego  the  general  discussion  session  that  has  tradi¬ 
tionally  been  a  part  of  the  format  of  the.se  meetings.  Since,  os  I  have 
stated,  one  of  the  prime  objectives  of  the  SiTijosla  has  always  been  to 
discuss  ooi'  mutual  problems,  omission  of  a  general  dlncuoslon  session  leave* 
the  obligation  of  attaining  the  discussion  goUn  to  you,  the  audience.  Tlie 
Conmlttee  has  left  funple  time  for  discussion  after  each  paper  so  that.  If 
the  speakers  adhere  to  their  allotted  timee,  the  opportunity  for  discussion 
will  bo  there-  Please  use  this  time  to  brln.g  out  into  the  open  any  problems 
you  may  have  that  bear  a  general  resemblance  to  the  topic  under  discussion 
at  the  moment. 

A  close  examination  of  the  progron  Indicates  that  the  me.Jor  portion  of 
the  device  effort  directly  ojsonoorod  hy  the  mllltai-y  services  here  and 
ehroad  Is  covered  by  papers.  Heforc  you  leave  the  Gymponlujn  you  should  be 
well  aware  of  where  we  stand  today  na  far  ns  the  power-handling  capcbllltlee 
of  hydrogen  thyratrons  and  ignltronn  arc  concerned.  Ibe  discuoslons  on 
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Uc^^vacooB.  mtfiiljitcir  tubes  tIU  ^bor  tAst  entirely  nev  concepts  of  ttibe 
design  are  betnc  explored  and  hold  procdse  of  provldlnc  new  capibilltles  In 
the  future.  The  solid  state  field  is  well  represented,  covering  modulator 
desicn  and  solid  state  aiipllcatlon  In  botl»  the  low-power  region,  where  they 
are  the  natural  type  of  device  to  he  considered,  and  in  the  high-power  field 
where  they  may  provide  advantages  for  general  or  particular  applications. 

nevle\/lng  the  modulator  equlpnent  portions  of  the  program  indicates 
that  we  \/lil  receive  a  clear  picture  of  how  /oost-of  these  devices  have  fared 
in  different  applications,  with  data,  presented  on  both  performance  and  life. 
The  program  prunlses  to  continue  the  dlocusslon  started  by  Mr.  Eichenauer  in 
hi  a  paper  presented  at  the  last  Symposium,  entitled  "Superpower  Klystron 
Pulsing  Considerations,"  on  the  line- type  modulator'  versus  the  hard-tube 
modulator.  The  emphasis  of  the  Inst  clay's  program  on  crowbar  technology  Is 
Indicative  of  the  ancur.t  of  effort  presently  being  expended  on  one  of  the 
aide  results  of  having  resolved  this  question  of  line-type  versus  hard-tube 
modulator  In  favor  of  the  hard-tube  modulator. 

All  of  this  will  be  covered,  and,  I  am  siu-e,  will  be  covered  In  a  more 
than  adequate  manner,  by  the  epeakers  will  follow  me,  and  1  would  not 
want  to  steel  any  of  their  thunder  by  expounding  In  any  detail  on  any  of 
these  subjects. 

I  see  the  possibility,  however,  for  some  confusion  in  the  minds  of  acme 
of  you  vdicn  uc  are  through.  You  may  well  ask,  where  are  vc  going?  VThat  Is 
the  major  trend  in  the  modulator  field?  Truthfully,  I  cannot  provide  you 
with  an  adequate  ans^'cr.  1  feel  that  I  can  give  you  instead  my  own  opinions 
of  where  we  should  he  o^lng.  To  ny  mind  there  is  no  need  to  settle.  If 
indeed  it  lo  possible  to  settle,  any  argvnsents  on  llae-typc  modulators 
veraus  hard- tube  modulators  on  a  general  basis.  Each  particular  cysten 
requirement,  if  Intelligently  exam.'.ncd  from  the  standpoints  of  equipment 
performnee  tha^ acterlstics  ogalnst  such  items  oo  weight,  size,  and  initial 
and  maintenance  cost,  wlD.  provide  the  answer  for  that  particular  systcaa. 
What  ve  must  cool'd  against  Is  that  when  this  anoicer  Is  reached  the  modulator 
device  required  to  do  the  optimum  Job  Is  not  available;  that  the  optimum 
answer  Is  never  reached  at  all  because  available  devices  hove  biased  the 
considerations;  or  that  having  arrived  at  the  answer  and  finding  no  device 
available,  a  crash  development  is  initiated  to  obtain  it.  I  firmly  believe 
that  the  cquliJineut  designer  must  have  available  to  him  a  complete  family  of 
both  line-type  and  hard-tube  modulator  devices  to  enable  him  to  do  his  Job 
properly.  Furt-hermore,  the  availrible  devices  should  be  cppable  of  switching 
the  full  Input  power  into  en  rf  generator  os  well  a-s  to  gate  the  rf  device 
on  and  off.  It  Is  e  cocnon  fallacy  to  view  the  employment  of  an  rf  device, 
such  as  the  anode-modulated  linear  beam  tube,  os  having  eliminated  the  reed 
for  a  full-power  modulator.  I  call  this  a  fallacy  because  the  full-power 
modulator  is  still  there  although  some  ixjople  can't  see  It.  In  this  case 
the  rf  tube  ^  the  modulator  tube.  The  circuit  is  automatically  restricted 
to  a  hord-tube  modulator  circuit  and  must  be  laid  out  and  treated  and 
protected  na  one.  V/hlle  this  may  or  may  not  result  In  equipment  simplifi¬ 
cation,  I  feel  that  we  in  tlie  modulator  device  resooi'ch  mjd  development  area 
should  ho  more  considerate  of  ovir  fellow  r.-nglneers  in  the  RF  Generator  Tube 
Design  Area.  If  they  knowingly  wish  to  take  on  our  problems,  good  luck  to 
then,  hut  wo  should  not  be  forcing  them  to  such  designs,  which  may,  and 
have,  complicated  the  already  ecvei-e  problem  of  achlc/lng  tlie  desired  rf 
performance  because  modulator  devices  capable  of  switchlrig  the  full  Input 
power  ore  not  available. 


IMS,  then.  Is  the  direction  in  which  we  should  >>e  coins,  towards  full- 
power  capaMllw  In  loth  line- type  end  hard- tube  icsdulator  devices.  You 
aia/  next  ask,  ate  we  moving  In  that  direction?  I  can  only  stale  that  we 
have  Gt£u*ted  a  small  amount  of  effort  In  this  direction  and  a  large  amount 
of  plans  to  move  farther.  The  eystesss  nanagemeot  concept  of  leaving 
device  developnent  to  the  oystems  nanager,  however,  does  not  do  much  to 
encourage  the  Initiation  of  such  aa  expensive  broad-based  program  and  I 
cannot  predict  whether  it  will  ever  truly  be  loxmched* 

1  hope  that  my  remarks  have  served  the  purpose  intended  by  tbe 
Symposium  Ccnmlttee  when  they  invited  me  to  make  them,  that  of  whetting 
your  appetite  for  the  papers  to  follow.  X  also  hope  that  they  have  served 
my  purpose  In  giving  them,  that  of  setting  a  framework  against  which  you 
ccold  view  ti  e  Synpcslum  and  take  bock  to  your  separate  eatabllshraonta  a 
more  meaningful  understanding  of  its  purpose  and  objectives.  I  hope  that 
you  wll).  all  enjoy  your  stay  with  us  on  the  Jersey  shore  and  that  you  will 
he  locking  forward  to  the  next  Symposium  with  as  g.-eat  an  anticipation  as 
yea  did  this  one. 


CATHODE  rHENOMENA  &  '^rFE  IN  HYDROGEN  TOYRATRCKfS 


Seymour  Goldberg 

Edgerton,  Genneshauseu'  &  Crier,  Ibe. 


Careful  conaldex-atlon  of  the  cathode  In  hydrogen  thyratrona  is  part¬ 
icularly  lmiK>rtant  since  it  Is  uniquely  this  area  of  the  tube  that  Is 
subject  to  a  basic  contlnuoxm  wearing-out  or  depletion  process  during  life 
and  thus,  it  is  the  cathode  and  these  depiction  processes  which  eventually 
detenT'lne  the  life  capability  of  the  hydrogen  thyratron.  (Hydrogen  clean¬ 
up  is  not  nortnally  too  serious  a  llfe-deteralnlng  process  due  to  the  use 
of  ivservoirs.)  In  this  paper  we  will  discuss  these  processes  for  conven¬ 
tional  oxide-coated  cathodes  as . comoonly  used  in  American  thyratrona. 

Ihe  effects  of  the  cathode  vearlng-out  process  la  to  eventually  de¬ 
plete  the  catruxie  of  its  oxide  coating  resulting  in  loss  in  triggering 
perfoimance.  Tubes  will  thus  fail  due  to  exceeding  tad,  A  tad  or  Jitter 
speciflcatlous  or  they  may  roach  a  point  where  they  will  not  trigger  at 
all  with  th.i  specified  trigger  pulse. 

CATHODE  DEHJCTION 

Cathode  depletion  occurs  in  two  manners;  first,  as  a  gradual  and 
continuous  loss  of  enrlsslve  coating  from  the  cathode,  and,  second,  a  more 
violent  ejection  of  discreet  pieces  of  the  cathode  occurring  rather  rapidly. 
The  latter  process  occurs  when  cathode  arcing  occurs  due  either  to  exces¬ 
sive  peak  currents  or  poor  cathode  activity.  Tfct  gradujil  continuous  pro¬ 
cess  is  the  more  fundamental  one  and  occurs  to  a  create  ."  or  lesser  extent 
In  all  hydrogen  thyratrona.  Figure  1  lUustrates  the  cathode  depletion  in 
4C35  thyratrona  at  progressive  stages  of  life  and  .he  steady  loss  of  cath¬ 
ode  coating  may  he  seen.  The  time  scale  for  this  p  ocess  depetrds  on  the 
operating  conditions.  At  rated  conditions  complete  loss  of  coating  occurs 
at  about  J2500  hours. 


Ey  carefully  measuring  the  temperature  dependence  of  the  rate  of 
steady  depletion  of  cathode  coating  in  tubes  under  opor.itlng  and  quiescent 
conditions,  ve  have  established  that  the  rate  of  cathode  coating  loss  Is 
purely  tetaperature  dependent.  At  a  given  cathode  temper ature  the  X'ate  of 
coating  loss  is  the  same  la  a  pulsed  tube  os  in  a  tube  operating  at  the 
samr  cathode  temperature  but  without  a  dlcchorge. 


Ibese  observations  indicate  that  the  depletion  mechanism  Is  a  thermal 
e'/npomtioii  process.  Figure  2  shows  our  measurement  of  coating  loss  irate 
on  thyrntren  cathodea  compared  to  the  evaporation  data  of  Herrmann  and 
Wagener'^);  and  Laverton  tc  Shepherd'^'.  This  data  shows  that  at  the.  normal 


I 
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operatlnc  temperature  of  the  thyratron  catliodes,  life  la  decreased  about  a 
factor  of  2  for  every  25^C  rise  in  cathode  temperature.  Thus,  laiderstaod- 
ing  the  factors  reopcnsible  for  determinlns  the  operating  temperature  of 
the  cathode  Is  basic  to  obtaining  lonc-llfe  thyratrona. 

CATRODE  DISSIPATIOH 

It  Is  veil  >^no'/n  that  the  temperature  of  the  cathode  Increases  trout 
its  quiescent  value  vhon  pulsed  current  Is  passed  through  the  tube-  This 
occurs  because  the  cathode  coating  has  a  snail  but  finite  resistance 
through  vhlch  the  pulsed  current  Ltust  pass.  The  dissipation  is  thus  given 
by  the  square  of  the  RIS  current  multiplied  by  the  net  effective  resis¬ 
tance  of  the  cathode  coating-  Tnls  resistance  is  equal  to  the  specific 
I'esistaace  of  the  cathode  coating,  i.c.,  the  resistance  of  1  cm^  of  cath¬ 
ode  surface,  divided  ty  the  area  of  the  cathode  supplying  current.  Assum¬ 
ing  the  total  cathode  area  Is  reasonably  unlforr.ily  u'-illzed  by  the  dis¬ 
charge,  the  set  of  equations  shown  In  Figure  3  cu>y  be  acrlved  for  calcula¬ 
ting  the  magnitude  of  the  temperature  rise.  The  other  major  assumptions 
for  these  derivations  are; 

1,  tho.t  cathode  temperature  Is  related  to  the  cathode  Inp.it  power  by 
a  simple  power  function.  Since  most  of  the  cathode  thermal  losses  are  due 
to  radiation,  the  exponent  Is  typically  between  3  and  and  of  course, 
cannot  exceed 

2.  that  the  cathode  filament  power  increases  linearly  with  cathode 

area. 

3-  that  ^  18  small  compared  to  1  that  Is,  does  not  exceed  0.2 

4.  that  the  cathode  is  ico-therraal,  that  Is,  that  It  has  sufficient 
thermal  conductivity  over  Its  entire  area  so  that  power  Input  from  the 
filament  or  by  dissipation  results  In  the  same  unifom  temperature  rise. 

This  derivation  shows  that  gT  Is  strongly  influenced  by  the  RS  cur¬ 
rent  and  cathode  area  and  also  'ir/  the  specific  coating  resistance. 

FiLAiiErrr  dekatiko 


Operationally,  It  is  possible  to  eliminate  the  cathode  teoperature 
rise  by  inducing  the  cathode  filament  power  under  operating  conditions  by 
an  amount  equal  to  the  cathode  dissipation.  Life  test  data  on  4c35  thyra- 
trens  Indicated  that  the  operational  life  Of  the  cathode  was  increased  by 
over  a  factor  of  two  by  reducing  fllonent  voltage  from  6,3  to  volts. 

An  EGiO  1802/7322  thyratron  was  tested  under  standard  operation  1  condi¬ 
tions  using  a  filament  derating  technique  where  E-  was  reduced  to  4  volts. 
After  2800  hours  the  cathode  was  only  l/4  depleted  indicating  a  life  capa¬ 
bility  of  over  10,000  hours  by  reducing  cathode  power,  (ohe  tube  failed  at 
2800  hours  due  to  a  reservoir  filament  short.)  Tlicsc  results  confirm  that 
the  essential  cathode  life  pioblem  In  thyratrona  is  due  to  a  cathode  tem¬ 
perature  rise  which  mny  bo  solved  by  app.oprlate  reduction  In  filament 
power. 
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CATHODE  l/riLIZATION 


I 


The  problem  in  hulldlng  tbyratron  cathodes  of  larns  area  for  high 
powered  tubes  Is  to  assure  that  the  entire  area  Is  utilized  by  the  dis¬ 
charge.  The  degree  of  spieadtng  of  a  discharge  along  the  axial  dlraenslona 
of  the  cathode,  i.e.,  parallel  to  the  axis  of  the  discharge,  is  given  by: 


ut 


-  dva 


E  «  plasma  field 
P 


••  gradient  of  cathode  sheath  voltage 


W  •»  ratio  of  total  cathode  area  to  length  »  cathode 
peripbexy  * 

Ep-  dVs  21  volta/ca 


Actually,  the  cathode  current  is  far  from  uaifona  over  this  leng-th 
and  for  obtaining  a  length  which  is  reasonably  evenly  utilized  one  would 
used  a  length  of  half  this. 


Tnls  '.elation  tlius  Indicates  a  well-utilized  axial  length  of  about  1 
cm  per  5  ejops/cra^  of  average  current  density. 

Ihe  effects  of  non-unlfonn  utilization  may  be  seen  in  Figure  1  Vhere 
the  current  density  was  greatest  at  the  top  of  the  cathode  and  thus  this 
region  was  hottest  causing  more  rapid  evaporation.  Since  one  is  thus 
limited  in  the  length  of  the  cathode  one  may  utilize, further  increaises  in 
area  con  only  come  about  by  increasing  the  cross  section  of  the  cathode. 
This  then  brings  up  the  question  as  to  the  extent  of  the  indial  spreading 
of  a  discharge  along  the  cross  section  of  a  cathode.  This  was  studied  at 
EG&G  by  means  of  the  tube  shown  In  Figure  U.  The  cathode  length  Is  1  inch 
end  its  width  la  .265". 


It  was  found  that  when  the  large  pl6U)ar  anode  vaa  used  (plane  parallel 
anode -cathode)  the  discharge  was  fairly  evenly  spread  over  the  1"  cathode 
length.  However,  in  a  more  typical  cpse,  the  catbede  vculd  normally  have 
a  baffle  In  the  place  of  the  large  anode  and  the  discharge  would  have  to 
enter  the  cathode  region  through  the  space  of  the  small  anode  and  then 
spread  radially  along  the  cathode.  The  utilized  length  was  neasured  using 
the  small  anode  by  photographing  the  discharge  light  ar»d  alto  scanning  the 
discharge  light  with  a  photomultiplier  over  the  cathode  ler.gth. 

Figure  5  plots  the  utilized  length  AfS,  peedt  current  and  It  may  be  seen 
that  the  results  agree  very  closely  with  the  lengtli  predicted  from  the  ax¬ 
ial  utilization  theory. 
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Actual  cathode  design  for  many  thyratrxins  involves  a  combination  of  axial 
and  transverse  cathode  utilicaticn.  While  a  quantitative  theory'  for  this  case 
has  not  been  derived  it  is  probably  true  that  the  discharge  vdll  spread  evenly 
over  a  cathode  having  a  ILnited  access  aperture  abo’it  1  cm  in  any  axis  for  evoiy 
$  amp/ca^  of  average  cathode  current  density* 

COATP.'G  RESISTANCE 

Pigure  6  shows  some  measurements  of  coating  resistance  for  a  cathode  of 
2.7U  cm^  area.  This  figure  compares  double  and  triple  carbonate  cathodes  on 
U99  Ni  and  also  A-31,  a  tungsten-nickel  alley.  The  A-31  yields  significantly 
lovk'er  values  of  R  .  The  results  one  obtains  on  a  measurement  of  this  type  can 
fluctuate  widely  due  to  processing  and  cleanliness  factors.  These  o'rves  are 
representative  of  what  can  be  obtained  with  a  very  well-processed  cathode. 

CATHODS  ARCmO 

The  current  density  limitation  at  which  cathode  arcing  occurs  Is  also  a 
major  cathode  design  parameter  as  it  determines  the  maximum  peak  current  that 
can  be  supplied  by  a  given  area  of  cathode.  Figure  7  shows  the  current  densities 
at  which  arcing  occurred  for  a  .75  millisecond  pulse  length.  It  was  found  in 
this  experiment  that  with  pulses  this  long  appreciable  cathode  temperature  rise 
occurs  d'jring  the  pulse.  Since  arcing  occurs  at  the  end  of  the  pulse,  the  arcing 
limit  of  che  cathode  is. enhanced  by  the  temperature  rise  and  the  true  arc  limit  is 
determined  by  the  end  of  the  pulse  temperature.  These  results  shew  that  rather 
large  peak  currents  can  be  passed  without  arcirg  even  at  .75  nsec  at  reasonabla 
cathode  temperatures.  The  peak  current  limit  increases  as  the  pulse  width  is  made 
shorter. 


UATRDC  CATHOEES 


In  an  effort  to  obtain  cathodes  of  large  peak  current  capability  with  less 
resisv^ance  than  the  conventional  oxide  coating,  matrix  and  impregnated  cathodes 
have  been  studied.  Being  lorgely  metallic  in  nature  one  would  expect  these  types 
of  cathodes  to  have  very  low  resistance  aid  thus  operate  with  a  small  temperature 
rise. 


Work  on  the  Phillips  type  of  impregnated  cathode  has  been  discouraging  in 
that  these  cathodes  show  very  low  or  almost  no  activity  in  hydrogen  tubes.  A 
few  minutes  of  operation  will  generally  completely  deactivate  them. 


The  matrix  or  E-N  tv'po  of  cathode  as  described  by  Beck  has  shown  mors 
promise.  These  consist  of  a  mixture  of  nickel  and  triple  carbonate  powders  with 
a  1%  zirconium  activation  which  are  compacted  under  pressure  and  sintered  in  our 
case  in  vtcu'jm.  The  cathodes  centain  sufficient  nickel  (70^  byieigjit)  to  have 
very  lew,  essentially  metallic  bulk  resistivity. 


The  emission  drop  oata,  however, 
tanco  as  shown  in  Figure  3  for  1.2  cm^ 


shows  a  relatively  hi^  apparent  resls- 
area  cathode.  However,  colori— 
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indicated  h!S.“  7'"'''“'^  '»«■"'  1<«) 

cathode  hut  verfratheJ  dul  ?he  “.rS  ■^n‘nl«tc  of  the  • 

Itetted  mod,  eS  Se  cweeLfd™  ni*jn«->S  1»  .  teape«tu«- 

e  emission  drop  la  larceljr  due  to  a  hlch  cathode  aheath. 

dCOO  at  37  a,p/cc2  ftr 

200  volte  at  eS^of  Uft,  ““P  ‘tdrKl  at  flO  volte  eod  »a. 

yielded  MQr^v*^ssl^i,'dr^  ?°7”  ?f  cothodee  have 

Our  test  i^uite  cfZL 

Hite  on  tme  cathode  type  ere  ea  yet  Inconplete,  hovever. 


"■  fj™  '“«»0P'.  VPl.  1,  aepean  d  Hell, 

3.  Beck  et  aly  "A  Hev  Diffusion  Cathode",  LeVlde  r^.  5I*,  November  1954 


BC-6533^.  USA3RDL  under  Sijjnal  Corps  contract  DA36-039 


9 


i 


J 


Figure  #1.  J*C35  liy ration  Cathodes  Shoving  Catliode  Depletion 
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Figure  #3»  Dt^rivatlon  of  Cathode  TternperaturesRlse 


ANODES 


Typical  discharge  plasma  tn  transverse  utillzatfoa 
tube  with  extended  flat  cathode. 


Figure  ^h.  Transverse  Utilization  Ceojnetry 
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Figure  ^5.  ‘j^.e  Triinsveme  Utilization  of  A  Flat  Radially 

LxteDded  Cathode  As  A  Function  of  Current. 


A'  *  CMMB*nf 


Figure  j?6.  •fotal  Catnode  Resistance  As  A -Function  of 
Tezperature  For  A  2.7*^  cm^  Cathode. 
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.  Mlnima’n  Cui  rent  Density  Before  Arcing  As  A 
Function  of  Cathode  Temperature 
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J.  E.  Creedon,  6.  Schneider,  and  F,  Cannata 

U,  S.Amy  Signal  Research  and  Development  Laboratory 
Fort  Honraouth,  New  Jersey 


To  obtain  a  bettar  understanding  of  cathode  Ibiiitatlons  in  hydrogen  thyra— 
trons,  a  number  of  tubes  of  various  types  were  studied  for  emission  character¬ 
istics  at  pulse  lengths  of  5,  30,  and  1000  microseconds.  The  results  indicate 
that  a  rating  curve  can  be  derived  from  which  ths  peak  current  capability  of 
a  cathode  at  any  pulse  length  can  be  detenoined. 

K  diagram  of  the  test  circuit  is  shown  in  Figure  1.  The  value  of  the 
tube  crop  (/■)  of  the  diode  under  test  was  measured  with  an  oscilloscope,  and 
the  pt’-k  current  (ib'>  '♦as  measured  with  a  current  transformer.  The  emission 
properties  of  the  catho-ie  were  studied  using  single-shot  techniques.  Also 
shown  i  Figure  1  are  tw  plots  of  the  tube  drop  as  a  function  of  peak  current. 
Over  a  large  range  cf  r^.rrent  the  form  of  the  curve  is  given  by 


-  V, 


R  Iv 


vl) 


where  the  constant  is  the  intercept  at  zero  current  and  R  is  the  slope  of 
the  line.  To  a  good  approximation,  V^,  Is  the  gas  drop  in  volts  and  it  is  rela¬ 
tively  Independent  of  current.  R  is  ^e  resistance  of  the  cathode  in  ohnw, 
and  it  is  an  inverse  function  of  the  cathode  temperature,^ 

At  a  given  cathode  heater  power  the  peak  current  was  increased  until  arc¬ 
ing  wan  obser'/ed  towards  the  end  of  ths  pulse.  Although  the  presence  of  an  arc 
could  bo  visually  detected,  so  abrupt  drop  in  the  voltage  presentation  gave 
the  time  of  the  arc  and  was  used  to  determine  the  presence  of  an  arc  in  all 
the  tests,  Ihe  quiescent  tCDipcrature  of  the  cathode  was  then  varied  by  chang¬ 
ing  the  heater  power,  and  the  cathode  resistance  and  the  current  level  for  arc¬ 
ing  were  redetermined.  To  account  for  a  pulse  heating  effect,  the  tubo  drop 
was  measured  at  a  time  corresponding  to  60  percent  of  the  pulse  width.  Using 
this  procedure,  a  large  number  of  experl.u'fntal  j  ints  w®r«  obtained  of  the  arc¬ 
ing  current  limit  as  a  function  of  R,  The  data  ere  normalized  by  dividing  the 
current  level  at  which  arcing  occurred  by  the  nominal  cathode  area  (Ag)  and  by 
multiplying  the  measured  cathode  resistance  by  A^..  Ibis  gives  a  J^rc  ajnperes 
per  square  centimeter  for  e  corresponding  In  ohms  (centimeters  squared),  and, 
in  this  way,  a  variety  of  tube  sizes  could  be  compared. 

For  emission  data  at  a  p\ilse  width  of  1000  microseconds,  a  millii'^r.nd 
modxilator  was  used,  where  the  impedan;*-  of  T-'ns  pulae-forraing  network  is  4  ohns. 
At  this  pulse  length,  a  total  of  ten  tubes  wore  studied.  Ihe  types  and  numbers 
of  the  tubes  used  were;  5C22  (2);  5949  (3);  594d  (D;  1257  (3);  ar4  7i390, 

Phase  1,  (1), 
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<b  IN  AMPCKES 

EMISSION  CIRCUIT  ANO  CURVE 


Hia  experiaental  results  are  shown  In  Figure  2,  where  the  logarithm  ot 
is  plotted  as  a  function  of  The  slope  of  the  solid  lino  is  ono-haXf* 

which  indicates  that  the  limiting  mechanism  is  duo  to  a  power  dlssipiatioB  den¬ 
sity  in  the  cathode^  since  the  experimental  dependence  of  Jare 
given  bjr 


log  4rc 

-  |log  R(,“^  *  log  C 

(2) 

and 

“^arc 

-  (i)i 

(3) 

C 

Ro 

.  2  _ 

-2  „ 

\ 

*^arc^  X  are  (4) 


where  arc  ifl  in  - 5-  per  pulse, 

cm'* 

Experimentally,  the  value  of  arc  for  the  millisecond  pulse  length  Is 
250  watts  per  cm^.  Expressed  in  terms  of  energy,  an  arc  occurs  when  0.25 
watt-sec  per  cm^  is  dissipated  in  the  cathode. 

Figure  3  shows  data  obtaiijed  fwr  a  5948  thyratron  operating  as  a  swlteli 
tube  in  the  millisecond  modulator.  In  this  test,  the  root-mean-oquare  curronl 
was  kej  t  constant  by  adjusting  the  pulse  repetition  rate  as  the  peak 
current  was  varied.  The  grid-cathode  drop  was  measured  on  an  oscilloscope  at 
600  microseconds,  and  emission  curves  were  obtained  for  Inns  currents  of  10, 
15,  20,  and  25  amperes  at  several  cathode  heater  powers.  Cathode  resiatanoes 
were  calculated  from  the  slopes  of  these  curvoe.  The  Jaro  values  versus 
obtained  vdth  this  procedure  are  the  plotted  points.  The  oolld  line  is  the 
single-shot  data  from  Figure  2,  and  the  agreenent  of  the  slopes  is  reasonably 
gocxl.  Although  the  points  consistently  lie  above  the  line,  the  limiting  cur¬ 
rent  dennity  values  shown  are  for  arcs  occurring  on  10  to  40  percent  of  the 
pulses,  ^/hereas  the  line  represents  an  averaging  of  the  occurrence  of  an  aro 
on  the  single-shot  data. 

An  intoroeting  observation  cn  this  test  was  that  the  grid-cathode  voltage 
as  a  function  of  peak  current  at  constant  ras  current  was  essentially  linear 
up  to  the  arcing  limit.  Figure  4  shows  the  observed  values  of  grid-cathode 
voltage  drop  measured  at  0.6C  millisecond  after  the  start  of  current  flow. 

In  curve  (l),  the  5948  thyratron  was  pulsed  once  every  two  minutes,  and  the 
plateauing  off  of  the  voltage  drop  is  quite  coxTionly  observed  in  emission  drop 
measurements  at  high  values  of  peak  current.  For  curves  (2)  through  (6),  th* 
pulse  repetition  rate  wis  varied  to  maintain  constant  Irms  currents  of  10,  15, 
20,  25,  and  30  amperes  respectively.  In  general,  the  curves  aro  linear  and 
of  the  form  of  eqioation  (l)  to  within  100  to  150  amperes  of  the  current  level 
where  arcing  occurs  on  10  to  40  percent  cf  the  pulses.  The  decrease  in  the 
slope  of  the  curves  the  value  is  increased  illustrates  the  dependence 

of  R  and  on  cathode  temperature  mentioned  previously.  Extrapolating  the 
curves  to  zero  current  gives  a  Vg  value  of  38  volts. 

I  • 
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TUBE  IH  A  MILLISECOND  MOOULATOH 


Figura  5  shows  the  casulle  obtained  for  a  30HBicro8econd  pulse*.  At  tbl9 
pulse  length  the  value  of  current  donaitj  for  arcing  has  increased  conslderabljr 
in  comparison  with  the  millisecond  pulse.  At  an  Bo  value  of  U  ohms  -  car ^ 
corresponding  to  Ro”"^  value  of  0,25^  the  observed  value  of  25  auipsrse 
per  cm2  larger  than  the  millisecond  value  by  a  factor  of  three.  Tbs  de¬ 
pendence  of  Jarc  given  by  the  1/2  power  law,  and  the  value  of 

Pji  arc  from  these  data  is  equal  to  2500  watts  per  cm^  per  pulse. 

For  a  5-ffllcrosecond  pulse  width,  the  conventional  emission  checker  used 
did  not  have  the  peak  current  capability  required  to  arc  the  larger-slie  tubes, 
aoad  the  results  shown  in  Figure  6  were  obtained  on  5C22  tubes.  DnpirieaHy', 
the  same  dependence  of  Jarc  observed  as  at  the  longer  pxilse  widths, 

and  Rlare  was  calculated  to  bo  a  nominal  8100  watte  per  cra^  for  this  pulse 
length. 

The  values  of  arc  obtained  from  this  type  of  experimental  data  are 
plotted  as  a  function  of  time  in  Fif.'ure  7,  and  the  result  can  be  expressed  aa 


P<1  arc  -  C  tp  (5) 


where  C  ■  2,5 

k  -  2/3 

tp  -  pulse  width  in  seconds 

For  a  cathode  that  is  uniformly  utilized,  equations  (5)  and  (3/  uay  be 
UvCd  to  predict  the  current  density  capability  at  any  pulse  length,  since 


Jarc^  (6) 


(7) 


then  the  value  of  can  be  ob- 

arc 

Figure  8  shows  the  emission  current  density  limit  for  a  59^8  thyratron, 
which  w-as  obtained  in  our  millisecond  modulator  about  a  year  prior  to  the 
d.ita  discussed  so  far.  In  this  case,  as  the  peak  current  was  increased  the 
time  during  the  pulse  at  which  the  arc  occurred  was  determined.  At  0.9  milli¬ 
second,  arcing  was  observed  at  6  amperes  per  cia2,  and  for  the  arc  *0  take 
place  at  0.1  millisecond,  the  current  density  liad  to  be  increased  to  12  amperes 


PjI  arc  ■  C  t. 


-k 


and 


“arc 


.  1.58 


If  the  Bq  value  for  the  cathode  is  known, 
tained  immediately. 
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P«r  e«^.  This  particular  tube  had  a  constant  voltagr  drop  during  the  pulse 
after  the  first  100  microseconds  and  for  times  greater  than  100  microseconds 
the  value  vaa  equal  to  7.7  ohms  -  cm^.  Using  this  ralue  of  in  equbtion 

^d  vaiues  were  calculated  for  times  of  0.1,  0.2,  0.1»,  and  0.9  milli- 
second.  These  values  are  plotted  in  Figure  9.  The  solid  line  is  the  P<j  arc 
dependence  given  bj  equation  (5). 

In  sunaarjj  the  arcing  limit  of  oxide-coated  cathodes  has  been  studied 
for  several,  pulse  lengths.  The  currant  density  for  arcing  has  been  onplrlcalljr 
related  to  and  it  is  found  that  a  maximum  power  density  dissipation  factor 
la  the  limiting  factor.  The  power  density  Is  related  to  pulse  width,  and  it 
is  shown  that  this  dependence  may  be  used  to  determine  the  maxlmua  current 
capability  of  a  cathode. 
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HYDROGEJI  RESERVOIR  MATERIALS 


by 

A.  Hoartson  and  H.  Mencwn 
English  Electric  Valve  Company  Limited 


The  property  of  sorption  of  hydrogen  by  the  Interstitial  hydrides  at 
different  te-peratures  and  pressures  is  used  in  gas-filled  tubes  when. a 
reservoir  of  gas  is  required.  As  a  result  of  work  by  Yeamans^  we  decided 
to  find  out  what  happened  if  the  starting  material  uere  a  finely  divided 
hydride  powder.  In  our  experLnents,  neasxired  quantities  of  hydrogen  were 
rerioved  in  stages  from  a  hydride  powder  of  known  mass.  Tne  pressure  of 
hydrogen,  produced  by  this  depleted  hydride  for  temperatures  between  300°C 
and  700°C,  was  noted.  At  the  same  time  a  mathanatical  relationship  which 
night  help  in  the  design  of  a  reservoir  was  sought.  Most  of  the  work  has 
been  done  on  titanium  hydride,  some  on  zirconium  hydride,  and  some  on 
lanthanum  and  neodymliun  hydride  powders  of  dubious  purity.  The  average 
particle  size  of  the  lanthanum  and  neodymium  hydrides  was  too  large  for 
then  to  be  classed  strictly  as  powders. 

Th.j  reaction  of  hydrogen  with  titanium  is  mainly  a  surface  effect,  and 
so  the  amount  of  hydrogen  available  from  a  reservoir  of  "solid”  metal  is 
limited.  In  the  case  of  powdered  hydride,  which  is  "saturated"  with 
hydrogen,  a  greater  reservoir  of  gas  is  avai'*  able  at  a  given  temperature. 

It  was  therefore  decided  to  use  the  powdered  hydride  as  a  starting  material, 
and  minimise  sintei'ing  effects  by  nalcing  the  time  of  its  operation  at 
higher  temperatures  as  short  as  possible. 

When  using  titanium  and  zirconium  hydrides,  a  thin-walled  palladium  cap¬ 
sule  fitted  with  a  thermocouple  was  filled  'with  a  kno'^Ti  amount  of  hydride 
powder,  mounted  on  a  stem,  and  sealed  into  a  bulb  whose  volume  was  approxi¬ 
mately  the  size  of  a  CXllhO  (1  litre).  The  bulb  v;as  then  mconted  cn  a 
vacuum  system,  fitted  with  McLeod  gauges  for  pressure  measurement  and 
vacuum  taps  for  controlling  and  monitoring  the  flow  of  hydrogen  gas.  The 
data  obtained  was  used  to  follow  the  metal -hydrogen  reaction  as  the  hydride 
was  depleted  of  hydrogen. 

It  is  known  experimentally  that  when  small  amounts  of  hydrogen  are  taken 
up  by  a  metal  to  form  an  interstitial  compounfi  at  constant  temperature, 
the  concentration  is  proportional  to  the  squ..we  root  of  the  pressure.  This 
cay  be  written  as 

P  -  K'C^  (1) 


where  P  is  the  pressure  of  hydrogen 


BOleciiles  In  the  C  Is  the  concentration  of  hydrogen  a.t<xas  la 

the  metal  K*  1b  the  e^illihrlum  or  solubility  co;i6cant  and  Is  Indepen¬ 
dent  of  C  and  P  hut  dependent  on  tenii>erature.  Application  of  the  van't 
Hoff  equation^  In  this  connection  gives 

Integrating  gives 

-LrfC'  ■»  -Q/rT  +  a  constant 

Ihus 

l/V  -  0  -  exp  (-Q/RT) 

P/C^  «  0  .  exp  (-Q/RP) 

Therefore 

P  -  0  .  exp  (-CJ/kt)  (3) 

where  0  Is  a  molar  entropy  factor. 

Fig.  1  chows  the  family  of  curves  produced  when  the  log  of  pressure  Is 
plotted  against  temperature  In  the  foim  1000/t.  These  curves^  and  others 
for  different  veldts  of  hydalde  (not  shown),  shew  that  the  change  In  slope 
of  the  lines  Is  associated  vlth  a  phase  charge  from  a  single  (alpha)  phase 
to  a  mixed  (alpha  +  beta)  phase  region.  In  the  cose  of  low  loadings  the 
elope  of  the  Lo  P  against  i/t  curve  Is  -Q/B.  An  evaluation  of  Q  froa  the 
graphs  la  Fig.  1  gives  a  value  In  the  alpha  phase  of  20,000ca.l/inole,  vblcb 
Is  In  agreement  with  values  quoted  by  Me  QulHenJ  and  Barrer**.  Substitution 
of  our  experimental  data  gives  a  value  for  0  of  6.0  x  103  which  is  of  the 
same  order  as  that  given  by  McQuillan  (9«6l6  x  lo3).  The  decrease  In  slope 
of  the  lines  frem  high  to  low  loading  regions  Is  due  to  a  progressive 
reduction  In  the  concentration  of  hydrogen  in  the  titanium,  which,  by  con¬ 
sideration  of  equation  (3)  above,  will  result  in  a  decreasing  value  of  Q. 

The  values  of  the  slopes  agree  substantlalli''  with  those  given  by  Yeamanj, 
except  that  higher  loadings  were  required  to  give  the  same  slope.  This  may 
be  due  In  uome  way  to  the  physical  state  of  the  titanium.  In  other  words, 
the  difference  may  result  from  the  use  of  finely  divided  ix)wder  as  against 
a  sintered  matrix  or  macroscopic  titanium  particles. 

Again  applying  the  con^lderatlono  of  solubility  in  dilute  solution# 
to  the  hydrogen -metal  reaction 

?}/C  -  K 

yhere  K  is  a  form  of  vhe  equilibrlijoa 

constant  and  is  proportional  to  P  the  pressure  and  C  the  concentra¬ 

tion  by  weight.  If  X  la  the  weight  of  hydrogen  In  the  gas  phase,  the 
number  of  moles  =  X/2,  and  It  follows  that 

p  -  xkt/sv 

since  PV  =  nBT  where  n  la  the 


number  of  moles  of  hydrogen. 
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If  a  (p-QiBS  1«  the  total  nass  of  hjndrosen  In  It  grana  af  tnetal^  and 
loss  of  hydrocen  to  the  gas  phase  is  X  grams,  then 


Thus  X  Is  a  function  of  M  and  ra.  Tills  means  that  the  amount  of  hydrogen  in 
the  gas  phase  and  so  the  pressure  can  be  computed  for  ccnstant  temperature, 
given  K,  a  mass  of  tltnnlua,  the  volume  of  a  tube,  the  total  amount  of 
hydrogen  available,  and  a  tenperatui’e-  We  have  therefore  a  mathematical 
relationship  between  the  different  parameters,  tasperature,  pressure,  voluae 
and  amount  of  bi’drogen  and  titanium-  Values  of  K  have  been  calculated  for 
temperatures  beti;een  ^50^  and  <vOO®C.  Fig.  2  shows  the  pjot  of  Ln  K  against 
1000/t  as  a  straight  line-  Substitution  of  values  of  K  in  the  van't  Hoff 
equation  for  different  values  of  K  tuid  T  give  a  value  for  Q  of  l8, 1+OOcol/mole, 
compared  with  the  published  value  of  20,000cal/mole. 

Fig.  3  ohowa  -.'nluGs  of  dP/dT  plotted  against  capsule  loading.  The 
values  of  dp/iiT  '/ere  cc.npjted  from 

d?/dT  =  lOOOkP/T^ 

and  a:e  presented  for  presttires 

from  100  microns  to  600  microns.  It  will  be  seen  that  dP/dT  is  smallest  in 
the  low  loading  alpha  region,  and  that  although  dP/dT  Is  almost  independent 
of  loading  in  the  mixed  ihase  region  v/hore  loading  Is  very  much  higher,  tbe 
value  of  dP/dT  is  such  that  operation  in  this  region  requires  close  control 
of  reservoir  heater  voltage  in  high  power  high  voltage  tubes.  One  may  deduce 
little  of  tbfeoietlcal  significance  from  this  but  It  Is  obviously  preferable  ’ 
to  operate  as  low  co\m  the  dP/dT  curve  as  possible,  taking  into  conaideratlon 
reservoir  capacity.  Bec«nise  dP/dT  is  proportional  to  pressure,  and  equation 
(3)  chows  that  pressure  is  an  inverse  exponential  function  of  the  heat  of 
solution,  it  lo  also  obvious  that  the  best  reservoir  material  Is  that  with 
the  lowest  heat  of  solution  of  hydrogen. 

Other  hydrides  hove  been  examined  to  find  If  they  have  any  advantages 
over  titanium  hydride  for  reservoirs-  Fig.  h  cho./s  a  fr.mlly  of  curves 
obtained  for  zlrconUmi  hydride.  These  are  similar  In  nature  to  those  of 
Fig.  1.  Here  again  similar  cons  Id  ei'nt  ions  may  be  ai'plLcd  wliorc  the  curves 
show  the  ll)icnrity  associated  with  a  single  phase  region.  Frcmi  tlie  values 
of  slopes  In  the  alpha  reglorj  the  heat  of  solution  Q  has  been  computed  as 
36,OOOcal/nole  which  compares  favoujably  with  that  of  Sleverts  at 
35,OOOcal/riK)lc.  Tnese  values  of  slopes  (Tefunans*  k)  are  substantially  la 
agreement  with  those  of  Teamans.  Tne  difference  may  be  attributed  to  a 
known  small  percentage  of  linfnlum  in  the  zirconium.  l'\irthcrmore.  Its 
limiting  comjx)sitlon  <35 d  not  approach  a 
VOS  around 

The  work  on  InnUionum  and  newlyi.ilura  hydrides  could  not  be  done  In  a 
palladium  capsule  because  they  react  with  palladixan  at  temperatures  above 
500°C.  The  experiments  were  made  using  a  sintered  high  alumina  ceramic 
tube  as  a  container. 

Fig.  5  shows  the  plot  of  log  pressure  against  IOCO/T  for  lantlianum 
hydrlae.  The  slope  (k)  of  the  pressure  temperature  curve  in  the  region  of 
dilute  solution  Is  abrnit  1.2  compared  with  10  for  titanium.  T1»ug  the 
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oT  lenthanum  hydride  os  «  leserrolr  material  has  the  advarrhnjje  of  a  lover 
slope  of  the  pres6\ire-teBiperature  curve  in  the  region  of  dilute  solution. 
This,  coupled  with  a  low  value  of  dP/dT  would  be  of  some  use  at  pressxirea 
aroxmd  100  microns.  In  the  region  of  higJier  concentration  it  gives  values 
of  dP/dT  close  to  those  of  tltaniun. 

fig.  6  shows  a  plot  of  log  pressure  against  IOOO/T  for  neodymiua 
hydride.  The  slcpe  (k)  of  the  pressure  temperature  cxirve  le  aboit  8.0 
in  the  low  concentration  region,  as  compared  with  values  of  1.0  to  3-0 
for  lanthanum  hydride - 

A  palladium  capsxile  containing  titanium  hydride  had  its  hydrogen 
removed  with  the  capsuJ.e  temperature  kept  below  700*^0.  Fig.  7  shows  the 
effect  of  reloading  this  tltonlian  with  liydrogen,  and  the  charactf  ristic 
flattening  of  the  pressui-e/loading  curve  at  constant  watts  liip.tt.  It  will 
be  noted  that  there  is  a  temperature  variation  of  appi’oxlmately  100°C  along 
the  curve.  Tliere  is  also  a  marked  increase  in  pressure  above  100  lltre-nn 
per  gl^2ra•  Fig.  8  ^howc  that  s  jailer  condition?,  apply  in  the  case  of 
zirconium.  Tne  loading  cua've  for  20  watts  input  shows  a  marked  deviation 
from  that  of  Yeamans-  In  this  connection,  the  possibility  of  coctamination 
by  oxygen  was  considered,  but  exJiaustlve  tests  did  not  prodvice  hysteresis 
effects.  In  the  case  of  the  raie  earth  hydrides  it  was  found  that  they 
would  not  reabsorb  hydrogen  above  loadings  of  10  lltre-nm  per  gram.  This 
wae  probably  due  to  their  reactivity  under  the  experimental  conditions. 

Ve  have  produced  three  typses  of  hydrogen  thyrntrons  with  reservoirs 
which  consist  of  palladium  tubes  containing  titanium  hydride  depleted  of 
hydrogen  (Fig.  9)*  These  reservoirs  are  connected  in  series  with  the  heaters 
and  tube  wain  up  time  is  5  mins  for  a  beater  supply  of  6.3V  and  a  range 
of  ±  55^.  First  is  the  CXllliO,  which  la  a  plug-in  replacement  for  738^> 
is  tested  to  175^  levels  and  has  similar  ratings.  It  is  the  highest  power 
plug-in  thyratron  available  anywhere.  Hext  comes  FX297/  (a  hydrogen 
inverse  or  clipper  thyratron)  with  the  same  dimensions  and  connections 
eis  59^9-  J’or  the  lower  operatl.ng  pressure  requlreinente  of  the  Inverse 
thyratron,  the  reservoirs  have  been  further  depleted.  A  deuterium  version 
of  this  thyratron  has  been  made  by  substitution  of  deuxeriura  for  hydrogen 
in  the  exhausted  capsule-  Care  Is  taken  to  avoid  sintering  of  the 
titanium  during  exhaust.  The  CXll^h  is  a  ceramic  development  from  CXUUO. 
This  tube  has  a  heater  and  reservoir  current  of  25A  at  6.3V,  a  five  minute 
warm  up,  and  maximum  hold  off  voltage  of  30kV.  One  hydrogen  fl3JLed  tube 
has  completed  1500  hours  at  30kV  cpy,  600pps,  1200A,  6,750A/micro  sec 
mean-  The  tube  was  working  all  this  time  with  inverse  voltage  of  7-5hV 
produced  by  discharging  a  30  p.f.n.  into  a  20  ohm  non-inductive  load. 
There  Is  some  evidence  that  deuterium  filling  Improves  the  performance  of 
the  tube  for  arc  back,  end  later  valves  have  been  made  using  deuterium. 

One  is  now  undergoing  life  test  under-  the  above  conditions. 
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1 ,  IHTfiCDuCTTOH 


At  the  SijcUi  Symposivua  a  paper*  was  presented  comparing;  the  natal 
envelope  and  ceraraic  envelope  typos  of  tbyratron  shown  in  Figure  i .  The 
advantages  of  the  aotal  valve  are  as  follows:- 

(a)  The  grid,  in  which  the  valve  dissipation  nay 

occur,  can  be  more  readily  cooled,  thus  preventing 
grid  a.idsston  and  reduction  of  gas  donaity  in  the 
grid  slots. 

(h)  Tha  grid-anode  insulator  ia  situated  behind  the  anode 
and  cannot  become  coated  witli  sputtered  matorlal. 

These  considerations  load  to  the  development  of  a  large  water  cooled 
valve  type  VX3336,  shown  in  Piguro  2,  which  is  ratod  at  200Jlw  peak  power 
and  150kw  mesui  power.  The  present  paper  describes  the  developmer. of  a 
compact  metal  envelope  valve,  typo  VI3351 .  which  is  similar  in  rating  to 

the  1257. 

2.  \0(33!31  RATING 

Figure  3  aho-A's  a  photograph  and  Piguro  4  a  sectional  drawing  of  the 
VX335I.  The  target  ratings  of  this  valve  are  as  follows 

Peak  Anode  Voltage  40kv,  Peak  Anode  Current  2000A,  Cathode  Heater 
Voltage  6.3v,  Cathode  Heater  Curreatl5A,  Reservoir  Heater  Voltage  6,3  ^  lOjC, 
Reservoir  Heater  Current  2A,  Warm  up  time  5  minutes,  Uean  Anode  Current 
(a)  as  a  rectifier  3?A.  (b)  as  laodulatcr  or  olipx>er  diode  2jA,  Peak  Rato  of 
Rise  of  Anode  Current  f^OOA/iiSOOt  The  valve  is  air  cooled,  overall  length 
10",  body  diameter  2^", 

3.  7X3351  DKSICU 
3.1 .  Anode 


It  ia  desirable  to  use  ceramio  seals  in  a  metal  envelope  valve  for 
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two  reasons;  Tirstly,  the  metal  components  cannot  ba  outgassed  by  normal 
eddy  ourront  heating  techniques,  and  thereforo  it  is  necessary  to  bake  up 
to  700®C  during  manufacture;  scccsadljr,  ceramic  seals  arc  more  rugged  then 
those  in  glass* 

'  The  design  of  a  high  voltago  anode  seal  involves  throe  main 
requirements s  (a)  the  lengths  of  the  lines  of  force  between  anode  end 
grid  through  the  gas  should  be  short,  to  prevent  Paschon  breakdown,  (b) 
the  anode-grid  spacing  should  not  be  so  sma31  that  field  omission  can  occur, 

(c)  there  should  be  adequate  external  spacing  between  anode  and  grid,  to 
prevent  breakdown  in  air. 

The  cu-reuaic  anode  seal  shovm  in  Figure  h  incorporates  these  features. 

Bie  anode  is  enclosed  by  the  grid,  tho  moan  anode  grid  spacing  being  5  ram, 

■  enabling  a  maximum  Pascheo  br.  akdowa  volt-ago  of  greater  than  l*Okv  to  be 
achieved  at  about  0.3  torr  deuteriimi  pressure.  The  lines  of  force  between 
anode  and  grid  lengthen  in  the  region  of  the  anode  and  grid  screens,  but 
Paschen  breakdown  is  prevented  in  this  region  by  virtue  of  the  close 
clearance  (a  lum)  belweea  the  ceramic  and  the  screens. 

Tho  basic  principle  of  the  seal  is  not  unlike  that  used  in  the  ceramio 
envelope  design  of  valve.  The  mstml  valvo  has  on  advantage,  however, 
since  the  ccramio  insulator  is  situated  behind  tVie  anode  whej'e  it  is 
unlikely  to  become  coated  by  material  sputtered  from  the  electrodes  by  the 
discharge. 

Deuterium  has  been  used  in  place  of  hydrogen  because  its  higher 
Paschen  breakderm  potential  enables  ^Dkv  anodo  voltage  to  be  achieved  at 
a  gas  pressure  sufficiently  gr*iat  tc  support  a  high  ourront  disohargo. 

3.2.  Orld  I 


'.V 


Dissipation  studios  have  shown  that  a  largo  froction  of  the  steady 
state  and  trailing  edge  dissipatioa  in  a  raodulutor  valve  con  occur  at  tho 
grid.  At  normal  gas  prcssuie  the  grid  dissi^^ation  usually  exceeds  that  at 
the  anode.  Failure  to  cool  tho  grid  odequatoly  can  result  in  gas  density 
reduction  in  tna  region  of  tho  grid  slots,  loading  to  reduced  rate  of  rise 
of  current,  and  in  grid  emission. 

Tho  metal  valve  offers  the  most  efficient  moans  for  cooling  the  grid, 
since  tho  activo  pni’t  of  the  electrode  is  Joined  directly  to  the  envelops, 
which  may  bo  air  or  conduction  cooled. 

Tho  precise  form  of  the  grid  and  tlio  grid  slots  depends  upon  the 
application.  For  tho  modulator  and  clipper  diode  it  is  desiiablo  to  uso  a 
rcolybdenujn  electrode,  to  prevent  sputtering.  In  tho  rectifier  valve  a 
copper  electrode  is  satisfactory. 


In  the  modulator  valve  a  closely  baffled  structure  is  required  to 
achieve  a  short  recovery  tioie.  In  tiie  clipper  diode  and  controlled 
rectifier,  where  recovery  tine  is  unimportHat,  it  is  desirable  to  reduce 
tlie  aix  Leases  in  the  grid  and  to  reduce  the  trigger  current.  A  more  open 
grid  structuro  is  therefore  used. 

The  baffle,  which  is  separately  triggered,  shields  the  grid  from 
emissive  material  evaporated  from  the  catliodo,  and  henco  helps  to  prevent 
grid  eminsion.  The  baffle  also  serves  to  direct  the  electrons  in  the 
grid-catl»ode  triggering  discharge  into  the  region  of  the  grid  slots  where 
anode  field  penetration  is  greatest.  As  a  result  the  grid  cvirrant 
required  to  initiate  anode  conduction  is  reduced. 

3.3*  Cathode 

Bie  catliode  Is  an  indii-cctly  heated  imrregnatod  tungsten  emitter, 
surrounded  by  a  finned  metal  cylinder.  In  operation  the  cylinder  becomes 
coated  by  emissive  material  evaporated  froa  the  impregnated  tungsten,  and 
can  contribute  a  large  fraction  of  the  total  emission. 

A  cathode  of  this  type  was  described  at  the  previous  symposium*.  The 
mechanism  of  the  emission  from  the  cylinder  is  still  imperfectly  understood, 
but  ceirtain  practical  results  have  now  been  established.  Tlie  emission  is  a 
function  of  pulse  length.  For  pulse  durations  of  the  order  of  5  the 
cylinder  temporature  need  not  exceed  350®C;  the  ©mission  is  only  present  if 
a  discharge  is  being  drawn  from  the  impregnated  tungsten  cathode.  With 
pulse  lengths  of  the  order  of  1  millisecond,  satisfactory  emission  is  only 
achieved  if  the  cylinder  tenperoture  exceeds  550®C, 

The  VX3351  cathode  consumes  100  watts  end  roaches  emitting  temperature 
In  less  than  3  minutes.  At  2000A  peak  current  and  3  pseo  pulse  length  the 
cylinder  contributes  over  93^  of  the  pulse  current.  In  rectifier 
applications  the  major  part  of  the  emission  is  drawn  from  the  impregnated 
tungsten,  since  the  cylinder  temperature  does  not  exceed  350®C, 

3.4*  Reservoir 

The  indirectly  heated  titanium  hydride  replenisher  Is  controlled  by  a 
barretter  and  permits  a  supply  voltage  variation  of  +10^.  Tlio  bsTrotter 
is  situated  inside  the  envelope  of  the  valve;  thus  any  back  heating  from 
the  discharge  produces  a  drop  In  barr'ittcr  current  which  componsatos  for 
the  effect  of  back  heating  on  the  roplenisber, 

4.  yUTURB  DEVEL0P«E.fr3 

The  successful  development  of  the  VX3356  and  VX3351  thyrutrons  has 
shown  that  the  metal  envelope  has  many  desirable  features.  It  Is  now 
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proposed  to  extend  the  range  b/  dereloping  a  valve  about  4"  1a  diameter 
which  would  be  suitable  tor  about  ICOkw  moan  power ,  and  a  siialler  6k« 
moan  power  valve. 
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PROGRESS  REPORT  ON  PHASE  II  SUPERPOWER  THYRATRON 


by 

A.  W.  Coolidge.  Jr. 

General  Electric  Company 


At  the  last  symposium  a  brief  report  was  submitted  on  the  status  of 
the  Phas'";  I!  hydrogen  thyratron  (Z-5212)  being  developed  under  Signal  Corps 
contract  No-  L)A  36-039  sc-7485C,  Objective  ratings  are  given  in  Table  L 


Table  I  -  Objective  Ratings  -  Phase  II  Hydrogen  Thyratron 


Peak  Forward  Voltage  (A)  50 

(kilovolts) 

Peak  Anode  Current  (B)  2000 

(amperes) 

Pulse  Repetition  Rate  (C)  4000 

(pulses  per  second) 

Average  Current  8.0 

(amperes  direct  current) 

Anode  Dis  sipation  Factor  400 

(A  X  3  X  C)  10"? 


At  the  time  of  that  report  consistent  operation  had  been  achieved  to  25 
KV  at  a  repetition  rate  of  4,  000  PPS  in  a  tube  design  depicted  in  Figure  1. 
Because  this  same  tube  would  perform  to  the  full  50KV  anode  voltage  when 
the  resonant  charging  and  actual  repetition  rates  were  reduced  to  500  PPS 
the  importance  of  reducing  the  recovery  time  was  indicated. 

In  the  intervening  two  years  the  major  effort  has  been  expended  on  the 
problem  areas  involving  recovery  time,  and  electrode  dissipations  at  the 
anode  and  gradient  grid. 


RECOVELRY  TUffi 


The  approach  to  the  recovery  lime  problem  was  made  by  modifying 
the  tube  design  so  that  large  interelcctrode  spacings  would  be  eliminated. 

As  a  form  of  insurance  a  charging  ttiode  circuit  was  developed  which  could 
be  integrated  with  the  test  equipment  to  provide  an  increased  period  for  tube 
recovery  after  each  pulse. 

Elect  rod»  Spacfngg 

Perhaps  the  most  effective  way  to  minimise  the  recovery  time  would 
be  to  keep  all  interelectrode  spacings  to  a  low  value  of  one-eighth  inch.  In 
the  grid- anode  region  this  would  present  no  novelty  as  all  hydrogen  thyra- 
trons  have  evolved  with  such  spacings  because  of  Paschen  Law  consider¬ 
ations.  In  the  grid-cathode  region,  however,  such  a  small  spacing  would 
represent  a  vast  departure  from  tradition. 

A  flat  disc  cathode  having  an  area  equivalent  to  that  of  the  vane  cath¬ 
ode  already  designed  would  be  more  than  a  foot  in  diameter.  Holding  the 
grid-cathode  spacing  constant  at  one-eighth  inch  over  sue!-,  a  large  span 
would  be  difficult  inec^ianically.  In  addition,  barium  deposition  c.n  the  grid 
would  be  excessive  and  the  prospect  of  even  utilization  of  the  cathode  and 
grid  would  be  poor. 

Accordingly,  a  compromise  was  effected  resulting  in  the  design 
depicted  in  Figure  2  wherein  the  vane  cathode  is  retained  but  the  cathode  is 
mounted  higher  and  the  grid  lower  so  that  their  minimum  separation  is  about 
one-quarter  inch. 

Equipment  Modification 

The  equipment  change  was  accomplished  ir  such  a  way  that  it  is  a 
simple  matter  to  change  from  one  type  of  charg'ujg  (diode)  to  the  other 
(triv  de).  The  triode  charging  circuit  was  constructed  in  a  portable  cabinet 
and  contained  the  following  of  the  units  shown  ia  Figure  3: 

a)  charging  reactor 

b)  charging  triodes 

c)  trigger  amplifier  and  driver 

d)  trigger  generator 

e)  variable  delay. 

After  some  operating  experience  was  obtained  with  the  triode  charging 
circuit  clipping  and  damping  components  were  added  to  reduce  spurious  volt¬ 
age  swings  across  the  charging  triodes.  More  recently  a  Z-5212  has  been 
substituted  for  the  two  GL-7390’s  in  the  charging  triode  position. 
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Figure  3  -  Block  Diagram  of  Triode  Charging  System  for  Phase  II  Test  Set 
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As  matters  have  turned  out  it  may  not  be  necesKa»-y  to  resort  to 
triode  charging  for  successful  high  repetition  rate  operation.  It  is  handy, 
however,  in  case  subsequent  results  jarove  the  above  to  be  optimistic.  Be¬ 
cause  of  its  built-in  variable  delay  feature,  it  has  been  used  on  a  number  of 
occasions  for  d<;terinining  actual  recovery  time  data. 

Test  Results  on  Modified  Tube  Design 

The  benefit  of  reducing  grid  to  cathode  spacing  was  affirmed  when 
test  results  on  the  first  tube  wiiU  such  a  modification.  No.  9.  iodic aied.  that 
operation  at  4,  000  repetition  rate  was  stable  to  a  maximum  anode  voltage  of 
35  KV.  This  represen'ed  an  increase  of  10  KV  over  earlier  tubes  with  large 
grid  cathode  spacings.  Four  new  bits  of  information  indicated  that  at  least 
one  limitation  other  than  recovery  time  pcv-vcntcd  No.  9  from  reaching  full 
power  operation. 

1)  Intermittent  inverse  voltage  clipping  accompanied  by  inter¬ 
mittent  inverse  current  (Figure  4)  was  observed  near  the  ceiling  power  of 
the  tube. 

2)  Highest  voltage  performance  was  reached  with  a  matched  load 
of  12  ohms  (Figure  5)  where  the  lime  available  for  recovery  would  be  the 
least. 

3)  Excessive  gradient  grid  emission  was  sometimes  observed. 

4)  When  tube  No.  9  was  finally  opened,  severe  distortion  of  the 
gradient-grid  bars  was  evident.  Figure  6. 


grid. 


Attention  was  focused  on  heat  dissipations  at  the  anode  and  gradient 


ELECTRODE  DISSIPATIONS 


Anode 

Calorimetry  measurements  indicated  that  only  a  few  kilowatts  of 
average  power  dissipation  were  removed  by  the  cooling  water,  but  it  is  well 
understood  that  transiently  at  the  front  part  of  the  current  pulse  the  instan¬ 
taneous  power  dissipated  at  the  anode  may  reach  a  relatively  high  value. 
Figure  7  displays  a  typical  transient  dissipation  curve  w'liere  the  maximum 
power  is  r*;  ached  about  0.  1  microsecond  after  the  start  of  the  discharge. 
This  data  was  ebtrined  on  a  GL-7890  operating  under  Phase  I,  Operation  II 
condition ;i  where  the  anode  voltage  was  30  KV  and  tlie  peak  current  was 
1,000  annpeius.  It  can  be  coiiseivalively  estimated  for  Phase  II  conditions 
(50  KV  aii<l  2,  OCO  amjjeres)  that  the  peak  power  dissipation  would  be  more 
than  tv/ice  that  shown  in  Figure  7  or  nearly  20  megawatts  while  tlie  width  of 
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Figure  4  -  Approximate  Current  Wave  Shapes  W 
Clipping 
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Figure  7  -  Instantaneous  Power  Loss  in  Thyratron  Ouring  and  After  Anode 
Cur  rent  Pulse 
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the  base  of  the  high  dissipation  triangle  would  be  only  0.  I  microsecond 
(since  in  the  Phase  II  equipment  the  rise  of  the  current  pulse  is  nearly  com¬ 
plete  in  0.  1  microsecond). 
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An  approximate  expression  was  derived  for  the  temperature  rise  at 
the  anode  surface  which  depends  only  on  the  events  of  the  anode  fall  period; 

0.  U  p  Vt^ 
a  Vc  dK 

temperature  rise,  C  at  anode  surface 

power  (amplitude)  in  watts  cf  rectangular  pulse  of  anode 
dissipation.  It  is  assumed  for  the  above  expression  that 
the  power  dissipation  at  the  anode  during  the  anode  fail 
period  is  constant.  While  a  plot  of  power  dissipation 
versus  time  is  actually  more  of  a  triangle  than  a  rectangle, 
the  rectangle  may  be  defined  as  one  having  a  width  equal 
to  the  anode  fall  time  and  height  such  that  the  area  repre¬ 
sents  the  energy  given  up  during  the  anode  fall  time. 

time  that  above  pulse  is  applied 

- 2 

area  of  anode  section  in  CM  through  which  energy  Is 
absorbed 

specific  hear  of  material  in  calorieo/gram/C 

- 3 

density  of  anode  material  in  grams/CM 

thermal  conductivity  coefficient  in  calories/( second) 
(C;M^)(C/CM) 

The  anode  surface  temperatures  may  be  estimated  for  Phase  II 
operation, 

where:  p  =  10  x  10^  watts 

t^  -  0.  1  X  lO”^  seconds 

a  =  area  of  one  grid  slot  1-1/8  inch  x  1/8  inch,  a  condition 
encountered  if  all  the  anode  current  were  to  concentrate 
and  flow  through  one  slot.  Thus  a  -  0.91  CM^  and  for 
molybdenum 


where:  At  = 


t 

a 


d 

K 
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c  = 

s 

d  =  10 

k  =  0. 26 

The  rise  in  surface  temperature  then  equals  2600**C, 

The  surface  tenn>eratt»re  might  exceed  the  melting  point  of  molyb¬ 
denum  which  might  result  in  the  generation  of  a  local  cloud  of  molybdenum 
vapor  and  ions. 

If  the  inverse  clipping  is  attribi'.ted  to  the  high-temper ature  consider¬ 
ations  presented,  the  most  logical  way  of  reducing  the  problem  would  be  to 
minimize  the  losses  during  the  anode  fall  period. 

Anode  fall  losses  can  be  minimized  to  a  degree  by  inserting  a  satur¬ 
able  reactor  in  scries  with  the  anode  lead  of  the  tube. 

Saturable  reactors  have  been  used  previously  in  conjuitction  with 
hydrogen  thyratrons.  They  reduce  appreciably  the  anode  dissipation  by 
holding  the  current  to  a  low  level  while  the  anode  voltage  is  falling  as  shown 
in  Figure  8.  When  the  current  reaches  point  "x"  the  reactor  saturates  and 
its  inductance  is  reduced  to  virtually  nothing.  The  current,  thereafter, 
rises  rapidly  as  if  the  saturable  reactor  were  not  in  the  circuit. 

The  Signal  Corps  made  available  a  high  current  saturable  reactor  of 
unique  design  wherein  the  magnetic  core  is,  in  a  sense,  wrapped  around  the 
current  conductor-  This  type  of  reactor  has  been  described  at  an  earlier 
symposium^-  To  har.dle  Phase  II  power  requirements  and  to  obtain  0.  1  to 
0.  2  microseconds  delay  ia  the  fast  build-up  of  current,  29  coils  of  special 
alloy  strip  are  mounted  on  one-half  inch  diameter  copper  tubing  which 
doubles  as  the  electrical  aacde  lead  and  water  conduit  to  the  anode  cooling 
area.  Each  coil  has  an  inner  diameter  of  0.  52  inch,  an  ouicr-diameter  of 
1.  15  inch,  a  height  of  0.  50  inch  and  is  wound  from  0,  00 1-inch  thick  tape  of 
50/50  iron-nickel,  grain-oriented,  squarc-hysteresis-loop  material  (known 
to  the  trade  as  "Dcltamax”).  The  coils  are  separated  about  one-half  inch  by 
teflon  spacers. 

The  above  design  is  not  only  relatively  compact  but  provides  for  some 
water  cooling  to  each  individual  core.  Enough  measurentents  have  been  made 
with  this  saturable  reactor  to  clearly  establish  the  potential  benefits.  The 

1.  Creedoa,  J-  £,  and  Schneider,  S.  ,  A  Magnetic  Assist  for  High  Power 
Hydrogen  Thyratrons,  Proceedings  of  the  Fifth  Symposium  on  Hydrogen 
Thyratrons  &  Modulators  held  at  the  Hexagon,  Ft.  Momnoulh,  N.  J.  on 
May  20-22,  19  58- 
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Figure  8  -  H^'pothelical  Current  and  Voltage  Wave  Shapes  v/ith  Saturable 
Reactor 


inverse  clipping  is  much  reduced  and  anode  dissipation  has  been  observed 
to  be  as  much  as  an  order  ot'  magnitude  lower.  The  reactor  has  tlie  great¬ 
est  effect  when  the  tube  pressure  is  low  atid  when  anode  dissipation  (without 
a  reactor)  would  tend  to  be  e.vcessive.  A  comparison  of  anode  dissipations 
with  and  without  a  saturable  reactor  is  given  in  Figure  9  where  average 
current  was  varied  by  varying  the  anode  voltage. 

Figure  10  indicates  the  cxlensioii  in  tube  performance  at  the  full  4000 
repetition  rate  that  could  be  credited  to  the  saturable  reactor.  Gradient 
grid  emission  was  considered  to  be  the  culprit  that  iiow  prevented  full  power 
operation. 

Gradient  Grid 

Accordingly  a  tube  (No.  11  A)  was  assembled  with  a  gradient  grid 
fashioned  from  3/16-iiich  thick  copper  to  be  substituted  for  tiie  0,070-inch 
thick  molybdenum  used  previously. 

Altliough  gradient-grid  emission  was  eliminated.  No.  IIA  fell  short  of 
atlainiiig  full  power  either  with  or  without  a  saturable  reactor.  Suspicion 
was  directed  at  the  quality  of  the  botloni  gap,  between  control  and  gradient 
grids,  when  it  was  found  that  the  optimum  operating  potential  for  tlie  gradient 
grid  was  a  small  percentage  of  the  anode  potential.  Figure  11.  Indeed,  it 
was  found  that  the  tube  would  operate  to  35  KV  when  the  gradient  grid  v/as 
connected  directly  to  the  control  grid. 

Subsequent  e.xami nation  revealed  severe  distortion  of  the  3/ 16- inch 
thick  copper  gradient  grid.  Not.  only  had  the  grid  bars  been  bent,  but  the 
grid  disc  as  a  whole  was  out-of- round.  Whereas  the  original  diameter  was 
4.  030  inches.  Figure  12  shows  that  the  lifting  of  the  bars  had  reduced  the 
diameter  in  one  plane  by  0.  030  inch  and  increased  it  in  .'inothcr  by  0,  019 
inch.  There  was  a  sufficient  upset  of  the  normal  s  pacings  between  the  two 
grids  to  account  for  the  poor  performance  of  the  bottom  gap, 

A  fuller  analysis  of  the  mechanical  stresses  at  the  gradient  grid  was 
called  for. 

By  calorimetry  it  was  deiormincd  that  more  ilian  500  watts  dissipation 
was  occurring  at  the  control  grid.  It  wag  assumed  that  a  similar  dissipation 
would  occur  at  the  gradient  grid  and  would,  moreove  r,  be  distributed  between 
only  two  grid  bars  if  the  anode  current  flowed  through  only  one  of  the  grid 
sluts.  Knowing  l.ho  temperature  of  the  gradient-grid  .seal  it  could  be  calcu¬ 
lated  that  the  temperature  at  the  bottom  of  the  gradient-grid  cup  would  be 
about  4  50°C.  The  hottest  part.s  of  the  grid  would  be  the  bars  i-cceiving  the 
powers  of  250  watts  respectively.  The  maximum  temper.uure  could  be 
determined  by  calculating  the  te mjie ralu re  gradient  along  the  l>ars  and. 
assuming  that  (he  ends  were  attached  to  a  heat  sink  at  ‘150°C.  Tlie  distortion 
problem  is  accentuated  by  the  fact  that  ihc  bars,  whose  ends  are  fixed,  try 
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■  to  expand.  Thus,  it  is  possible  to  calculate  the  mechanical  stress  in  tfte 

bars.  If  the  calculated  stresses  exceed  known  safe  limits,  there  would  be 
a  good  chance  of  buckling  or  distortion  of  the  bars.  Table  11  summarises 
the  stresses  for  the  two  gradient  grids  that  had  been  used.  It  also  shows 
;  •  stresses  that  might  be  encountered  if  the  gradient  grid  were  fashioned  from 

1  thicker  molybdenum. 

i  _ 

\ 
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Table  II  -  Gradient-Grid  Temperature  and  Stress  Considerations 

{Based  on  250  watts  power  to  center  of  4-CM  x  3/8-irich 
bar  whose  ends  are  attached  to  450°C  heat  sink) 


- 

Grid 

Bar  Temperature 

Unit  Stress 

1 

( 

Material 

Thickness 

(inch) 

Hot  Spot 

Average 

(LB/SQ  IN. 

i 

1 

Molybdenum 

0.070 

1700 

1075 

180,  000 

« 

t 

Copper 

3/16 

570 

500 

15,  000 

1 

Molybdenurr. 

3/16 

950 

700 

80,  000 

f 

Molybdenum 

1/4 

830 

640 

65,  000 

s 

i  , 

Molybdenum 

5/16 

750 

600 

60,  000 

Grid 

Safe  Limits 

t 

Material 

Thickness 
( inch) 

Elastic  l.,imit 

Yield  Point 

> 

Molybdenum 

0.070 

- 

15,  000 
(at  1075°C) 

Copper 

3/16 

1,000 
(at  500° 

C) 

- 

t 

Molybdenum 

3/  16 

- 

45,  000 
(at  700°C) 

Molybdenum 

1/4 

- 

48,  000 
(at  640°C) 

- 

Molybdenum 

5/  16 

- 

50, 000 

(at  600  C) 
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A  comi>arison  of  iJie  theoretical  unit  stresses  ami  tlie  safe  limits  indi¬ 
cated  that  even  a  5/ 16-inch  thick  molybdenum  grid  might  be  subject  to 
buckling.  On  the  other  liand,  in  choosing  a  new  gr.adient-grid  thickness  it 
seemed  appropriate  to  keep  the  thickness  to  the  ininit.ium  consistent  with 
freedom  from  distortion. 

As  a  result  of  the  above  considerations  a  calculated  risk  was  taken 
with  a  1/4-inch  thick  molybdenum  gradient  grid  which  was  incorporated  in 
tube  No.  ILB- 

Full  power  operation  at  50  KV  and  high  repetition  rate  was  achieved 
tor  the  first  time  with  No.  I!B.  Inij>roveineiit  at  the  gradiei  *  grid  was  also 
indicated  by  the  fact  that  the  optimum  operating  potential  for  the  gradient 
grid  was  nearly  50  percent  of  the  anode  potential.  Figure  13.  (This  data 
was  taken  before  the  tube  was  fully  conditioned,  which  may  explain  the  anode 
ceiling  voltage  reacliing  only  45  KV.  )  Ail’u'Ugli  ihc  saturable  reactor  was 
not  initially  needed  for  full  jjower  operation,  the  widest  reservoir  range  was 
achieved  with  the  reactor.  Figures  14  and  15. 

l.IFE  TESTS 

Tube  No.  1 1  U  was  placed  on  life  lest  deliberately  witiiout  a  saturable 
reactor  and  .after  three  hours  an  instability  developed  whereby  tiic  anode 
voltage  ceiling  was  depressed  to  about  25  KV.  Efforts  to  rc-age  the  tube 
were  fruitless  until  the  saturable  reactor  was  inserted  in  the  anode  lead. 

After  this  step  v.'as  taken,  however,  the  lube  recovered  in  a  short  time  and 
v.as  again  capable  of  full  power  operation.  With  the  saturable  reactor,  life 
testing  was  continued  at  full  power  until  at  75  hour.s  the  tube  failed  because 
of  a  puncture  in  a  small  ceramic  seal  at  the  bottom  of  the  lube.  Post-mortem 
e.xamiuation  revealed  that  this  .sea!  liad  been  attacked  by  corona. 

Z-5212,  No.  1  3A,  similar  in  design  to  No.  IIB,  followed  on  life  test 
with  the  following  additional  precautionary  changes; 

1)  all  seals  that  nright  be  .subject  lo  corona  wore  encapsulated 

in  rubber 

2)  the  bottom  end  of  the  tube  was  cooled  by  an  air  draft 

3)  the  satural>le  reactor  was  used  at  all  times  in  the  anode  lead 

To  date  flje  tube  has  oi)erated  in  excess  of  700  hours  and  some  of  the 
cliaracterisiics  as  a  function  of  life  are  given  in  Figures  16  and  17.  At  270 
hours  it  was  necessary  to  reduce  the  anode  voltage  lo  40  KV  but  life  testing 
was  continued  in  order  to  <letermine  whether  fiirlhcr  degradation  was  immin¬ 
ent.  At  350  hours  .J  bad  component  was  located  in  the  test  sot  and  when  lliis 
was  replaced  the  anode  voltage  could  be  raiscui  to  45  KV.  Figure  18  depicts 


RESONANT  nCPETITtON  RATE  •  4900Pra 
ACTUAL  PULSE  RATE  •  4000  PPS 
I  R.  •  12  OHMS 


igure  16  -  Z>5212,  No.  13A  Range  v»  JLife 


Anode  Delay  and  Delay  Time  Drift  During  Life  for  2*5212 


Figure  18  -  Z-S212,  Nc.  13A  Anode  Voltage  Setting  vs  Liife 


the  operating  conditions  tltat  have  prevailed  during  this  life  test. 

CONCLUSIONS 

At  the  present  stage  of  development  of  the  Z-5212  and  with  the  limited 
operating  experience  to  date  the  following  conclusions  can  be  stated. 

1)  High  repetition  rate  operation  is  enhanced  by  keeping  all 
Luterclectrode  s  pacings  to  a  small  value  so  that  the  length  of  path  fronn 
cathode  to  anode  is  sntall. 

2)  A  saturable  reactor  can  materially  reduce  anode  dissipation 
and  as  a  result  reduce  or  eliminate  inverse  clipping  at  the  anode. 

3)  Substantial  grid  dissipations  can  be  tolerated  by 

a.  water  cooling  the  control  grid 

b,  using  1 /4-inch  thick  molybdenum  at  the  gradient  grid. 

4)  The  results  of  early  life  testing  indicate  the  desirability  for; 

a.  increasing  the  anode  voltage  ability  of  the  tube  by  some 
10  KV 

b.  increasing  tlie  width  of  the  reservoir  range. 

5)  Water  cooling  at  50  KV  presents  no  unique  problems. 

In  the  remaining  time  on  the  contract  small  refinements  in  electrode 
spacings  will  be  studied,  additional  life  testing  will  be  performed,  technical 
data  will  be  published,  sample  tubes  will  be  made  available  for  Signal  Corps 
evaluation  and  a  final  leport  will  be  written. 


77 


MODULATOR  DESIGI'  FOR  A  NE\7  PAl^ILT  OP  HIGH-PO//SR  THIRATBDNS 


H.  S.  Nlcholls,  B.A« 
R.R.!r. ,  Malrem,  Bt^anl 


Intro  duct  ion 

The  development  of  a  new  fair.tly  of  high-voltage  thiTatrooLs  La 
projected,  based  unoa  the  design  of  the  VX  335^, which  has  been  descirlbed  by 
Cook  and  Wholdoniw, 

It  is  planned  to  develop,  in  this  family,  vsdvea  suitable  for  all  the 
kncFwn  fields  of  application  of  high'voltage  thyratrons. 

Initially,  work  is  being  concentrated  on  valves  having  a  2^"  diameter 
envelope,  but  smaller  and  larger  sizes  will  probably  be  introduced  later* 

In  this  paper  choice  of  target  characteriatlcs  for  the  VX  3351  Its 
vajrlanta  la  dlscuased  in  relation  to  likely  methods  of  use* 

Controlled  Rectifier  and  CharRlnv  Service 


The  advantages  of  using  controlled  reotlf  icatlon  for  power  simply  to 
radar  modulators  have  been  outlined  in  an  earlier  paper W, 

Hie  uoe  of  controlled  charging  la  often  necessary  in  thyratron 
modulators  when  the  effective  duty  ratio  exceeds  about  *005  in  order  to 
ensure  recovery  of  the  other  valves  in  the  olrouit* 

Tho  VX  5351  valve  is  being  developed  for  these  typos  of  eervioe,  and  has 
the  characteristics  given  in  Table  I.  Note  that  &a  a  controlled  rectifier, 
an  output  of  25  KV  10  A.  D.C,  is  readily  obtainable  from  six  valves  in  a 
3  phase  bridge  olrcuit. 

Tho  metal  envelope  design  is  particularly  advantageous  for  those 
purposes  because  the  excellent  cooling  of  the  grid  permits  the  use  of  the 
most  open  design  coiapatlble  ’vflth  voltage  hold-off  requirements  without 
danger  from  grid  eHission  or  contamination  of  the  anode.  Kris  confers  a 
low  aro-drop  arid  easy  triggoi'lng.  However,  in  conparloon  with  tho  VX  3207 
which  was  dosojribed  in  tho  earlier  paper(2)  and  in  which  a  screened 
construction  v/as  enployed,  this  valve  has  a  much  greater  anode-grid 
capacitance.  This  wo'ild  often  prrvent  full  advantage  being  taken  of  th« 
high  permios.  j  grid-circuit  inpecanoo  of  about  k  Kohms.  However,  it  has 
proved  possible  to  avoid  the  diff  icolty  by  using  tho  "Crounded-Crid"  olrcuit 
shown  In  Fig.  1.  In  this  olrcuit  tha  valve  is  fired  by  the  application  of  a 
regatlva  puloe  to  the  cathode,  while  passage  of  the  anode  current  through  the 


trigger  pulse  generator  is  prevented  by  the  seml-conduotor  diode  cxjnnected 
between  cathode  and  grid.  This  seal-conductor  diode  has  to  pass  the  Tull 
thyratron  anode  current  (including  fault-condition  surges)  but  has  only  to 
withstand  an  inverse  voltage  equal  to  the  trigger  pulse  amplitude. 

Present  experience  Indicates  that  it  is  adequately  protected  by  the 
thyratron  grid  from  the  effects  of  inverse  flashover  in  the  valve.  In 
cases  where  grid-bias  is  required,  this  can  be  inserted  in  series  with  the 
thyratron  grid  lead,  but  the  supply  must  be  able  to  withstand  surges  due  to 
fl£ishcr/er  in  the  thyratron  without  excessive  voltage  r^.se  or  the  semi¬ 
conductor  diode  may  be  damaged. 

Tiie  recoveiy  tine  of  the  valve  after  passing  its  rated  fault  current  of 
5CO  A.  should  be  sufficiently  short  without  the  use  of  grid  bias  to  ensure 
reliable  circuit-breaking  when  used  as  a  controlled  rectifier  at  supply 
frequencies  up  to  a  kilocycle.  Cn  the  other  hand,  the  recovery  at  small 
currents  is  sufficiently  rapid  to  involve  some  risk  of  coniplete  extinction 
by  conmatatLon  oscillations  when  icq)ulse  firing  is  employed  with  a  50  c.p.s, 
supply.  This  trouble  is  particularly  liable  to  occur  v/ith  equipment 
required  to  operate  from  a  variety  of  power  sources,  including  small 
generator  sets.  It  has  been  successfully  cured  in  one  case  by  the  use  of 
small  suturabxc  ^leactors  in  series  with  the  H.T.  trsnaformer  primary 
together  with CR  el'c-'/.nts  in  shunt. 

Pulse  Modulation 

The  variant  of  the  V5C  555'*  intendSd  for  switching  duty  in  network-type 
modulators  is  the  VX  3559»  Its  target  ratings  and  characteristics  are 
given  in  Table  H.  Note  that  a  peak  po7/cr  of  up  to  i^O  K,1  at  10  ^eeo, 
pulse  length  and  an  average  power  of  up  to  5®  KV/,  is  allov/ed,  altnough  the 
sire  and  heater  por/er  are  little  more  than  those  of  a  5022. 

The  design  is  particularly. well  adapted  to  this  class  of  service. 

Knight  and  LordC5)  and  Isaacs'^'  have  shown  that  a  substantial  additional 
dissipation  in  the  grid  normally  occurs  In  pulse  service,  due  to  reverse 
current.  T/ith  VX.  3559  good  cooling  of  the  grid  maintains  a  high  gas 
density  in  its  vicinity  and  thus  permits  reliable  operation  at  high  rates- 
of-rise  of  current  under  these  conditions, 

A  som<r.'/hat  less  open  grid  desigr*  than  for  the  'VX  335*  is  enployed 
primarily  to  maintain  the  voltage  hold-off  peiToitnance  with  the  higher  gas 
pressur.  required. 

The  grid  is  still,  however,  somewhat  more  open  than  has  been  general 
practice  hitherto  in  modulator  valves,  and  this,  togctiicr  with  the  use  of 
Deuterium,  gives  a  rather  long  recovery  time.  By  the  use  of  -100  V.  grid 
bias  in  conjunction  with  a  grid  circuit  impedance  of  5^0  ohms,  a  recovery 
time  of  30  /usee,  at  a  peak  anode  current  of  2  KA  should  be  obtained.  This 
Is  adequate  for  operation  at  p.  r.f.'s  up  to  several  kilocycles  in 
conventional  modulators  having  lew  duty  r=itio  (see  Pig.  2).  It  iji  important 
that  the  grld-rircult  impedance  should  not  oxo?ed  the  specified  value 
durLng  the  period  following  the  first  appearance  of  forvvard  anode 

voltogc  after  the  pulse.  To  cover  the  usual  case  r/hero  the  thyratron  grid 


circuit  contains  reactances  and  non-lincar  circuits,  the  term  Recoyery  • 
Jjmcdance  has  come  into  use  in  the  U*K. 

Tliis  is  defined  for  each  instarxt  auhseiuer.t  to.  the  current  inilse  as 
follows;- 

Eecovery  Impedance  =  C^j^stantaneous  .»yid  potent->2)  -  (Specif  ted  r.rid  bias) 

(instantaneous  grid  current) 

The  use  cf  this  qu^{:lty  relics  on  the  hypothoris,  criminally  advanced  by 
I.ialter  and  Johr.aont^^,  that  the  progress  of  deionisation  is  uneTf acted  by 
the  potentials  of  the  cloctroderv prov ided,  cf  course,  that  additional 
ionisTition  is  not  departures  reported  by  Knoopi®)  are 

confined  to  lon^  recoveiy  times,  and  are  therefore  probably  not  inmortant 
in  the  present  context-  . 

Unfortunately  the  value  of  the  Recovery  Lrpsdancc  obtaininc  in  a  . 
particular  equipment  is  ia  general  affected  by  the  srid-current  of  the 
valve  opex’atod  in  it  a.nd  therefore  depends  on  the  particular  valve  used  and 
on  the  v.'vlue  of  the  anode  current.  Consequently  its  usefulness  is  mainly 
limited  to  circuits  ivhich  are  pi-edoanantly  dissipative  in  cha.ractcr,  so 
that  uncertainties  in  th.e  temporal  depcudance  of  tliyratron  m^'i^'current 
only  affect  scadl  co:TCctioa3, 

One  method  of  achieving  a  I0.7  Recovery  Isrx'cUncc  v/ithout  heavily 
loading;  the  trlq^ei*  pulse  jenemtor  is  to  eeploy  a  saturable  choke  (or 
tra.nsfoirr.er)  in  shunt  v/ith  tlvj  trl.qipjvpul sc  ci^ncrator.  Some  means  of 
re-scttin,3  the  magnetic  core  between  pulses  is  rjquircd. 

The  mode  of  operation  will  now  be  explained  with  reference  to  3« 

In  the  f i;3ure,  a  typical  DJodulator  anode  volta.'je  waveform  is  shOwir.  ?rom 

this,  asvi  the  value  of  the  pccC-c  anode  current,  the  unique  critical-grid 
potential  curve  ray  be  obtained  from  the  ccasur-ed  v:J.ve  characteristics. 

The  critical-grid  potent l:rl  x^-sses  through  a  cinicum  shortly  after  the 
anode  first  bcconres  positive,  end  subsequently  returns  to  the  static  value 
as  deionisation  proceeds.  The  gi' id.- current  must  next  be  obtained-  Ihe 
variation  of  grid-current  with  grid-voltage  shorrs  current  saturation  like  a 
negatively  biassed  probe  i^rovided  that  the  gild  voltage  is  lo\7,  Tiie  value 
of  the  saturation  current  vas  found  by  Valter  and  Jolancon  (loc.  oit.)  to 
decay  exponentially  rath  time  from  an  initial  value  which  Is  a  function  of 
the  peak  anode  current.  Departure  from  the  exponential  law  at  short  time* 
had  boon  reported  by  Gavrilov(7},  but  does  not  affect  the  qualitative 
argument.  Prior  to  satuiation  of  the  reactor,  the  grid  current  will  be 
limited  to  a  low  value  by  the  unsaturated  inductance  of  the  reactor.  Aftoj 
sc\t\ixr.^.on  of  the  reactor,  the  grid  current  will  be  limited  Initially  to  . 
about  until  the  saturation  grid  current  falls  belo.v  this.  Thereafter 

the  current  v/lll  be  controlled  by  ti»9  valve  only.  n.a  grid  voltage  wave- 
form  ray  noj  be  drawn,  aurd  it  in.»y  th.en  be  deduced  whether  satisfactory 
rcco'/eiy  will  be  obtained,  /my  reduction  in  the  initial  value  or  increase 
in  the  rate  of  ucray  cf  the  saturation  grid  current  v/lll  result  in  an 
earlier  return  of  the  grid  potential  to  the  bias  level  and  therofojae 
Incrc-'.ao  the  safety  margin.  Thus,  only  stmightforward  unilateral 
tolcvamc  ing  la  involved- 
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additionally  useful  to  have  a  valve  whoso  recovery  tiaw  la  to  a  large 
extent  under  the  control  of  the  circuit  designer* 

Inverse  Diode  Operation 

The  desirable  attribute  of  the  VX  3358  design  for  inverse  diode 
service  la  that  the  grid-currerit-to-f  ire  nay  be  kept  do^'iU  by  using  a  fairly 
open  structure,  while  still  maintaining  an  effective  evaporation  baffle 
between  cathode  and  anode* 


The  target  ratings  are  given  in  Table  III, 

To  miniroize  the  risk  of  failure  to  trigger,  the  lov/cst  possible  grid* 
current-to-f ire  and  the  longest  possibl'  ’xcovory  tiice  compatible  v/ith 
reliable  diverse  voltage  hold-cff  will  be  sought  during  the  development. 

Because  of  the  danger,  v/hich  Is  always  present  with  gas-filled  inveree 
diodes,  of  a  valve  reaching  end-of— life  by  failing  to  strike,  v/ith 
consequent  serious  risk  of  damage  else./here,  it  is  v/isc  to  back  it  up  by 
connecting  directly  across  the  P.P.II.  a  scaled  spark-gap  in  series  with  a 
matching  resistor. 

Cooling 

The  heat  requiring  to  be  dissipated  varies  from  atvund  300  watts  for 
operation  at  full  rectifier  rating  to  aa  much  as  tv/ice  this  for  the  pulse 
modulator  under  severe  conditions.  It  should  be  possible  to  attain  such 
dissipations  by  free  convecticn  because  the  envelope  v/lll  wlthstcnd  high 
temperature,  and,  though  small,  may  be  finned  over  its  entire  length. 

nevertheless,  assisted  cooling  will  often  be  indicated  for  the  benefit 
of  surrounding,  less  refractory  cooipor.enta.  This  is  particularly  true  In 
compact  installations, 

Itoreover,  snother  cooling  problem  arises  from  the  inevitable  sensitivity 
to  ambient  temperature  of  the  h3airvgen  reservoir  system.  The  main  source  of 
heat  is  usually  che  cathode  region  r/hloh  is  adjacent  to  the  I'eservoir,  and 
thermal  coupling  is  increased  by  the  high  conductivity  of  the  envelope. 
Although  some  compensation  is  inherent  in  the  design,  the  difference  between 
the  ten^ieraturo  of  the  reservoir  surroundings  for  a  cold  start  at  -25®C 
cemparwd  v/ith  that  in  oijeratlon  at  full  pov.er  at  05*^C,  would  present  & 
severe  problem  if  not  restricted  by  assisted  cooling. 

Since  the  reservoir  is  the  moat  temperature  sensitive  part  of  the  valve, 
a  heat  sink  la  applied  to  a  flange  on  the  envelope  in  ita  vicinity.  This 
also  serves  as  the  mechanical  support.  Some  forms  aro  suggested  In  Pig.  6. 
The  heat  sink  may  be  convection  or  forced  air  or  liquid  cooled.  The  form  of 
the  heat  sink  and  the  disposition  of  the  fins  when  air  cooling  is  employed  la 
left  to  the  choice  of  the  user,  who  is  thereby  given  the  maxlmura  possible 
freedom  in  the  thermal  design  of  his  equipment. 


Fins  will  probably  b«  fitted  to  the  top  of  the  envelope  to  assLat  in 
dleaipating  the  grid  heat,  as  Indicated  ia  the  figure. 

The  anods  is  Intended  to  be  cooled  by  natural  convection  from  a  siaall 
radiator  fitted  pennanently  to  Its  lead,  since  a  fairly  high  anode 
ten^peraturo  ia  pemlsaible,  particularly  In  the  hlgh-dlesipation  pulse 
modulator  roles. 

Conclusions 

By  the  use  of  this  family  of  valves,  a  major  advance  in  comi>actne33  and 
reliability  should  bo  possible  In  many  pulse  modulators. 

As  rectifiers,  their  power  loss,  including  heater  pov/er,  is  no  more 
than  a  third  of  iliat  of  any  semi-conductor  arrangement,  v/Lth  the  further 
advantage  of  being  able  to  dispose  of  their  urtiste  heat  at  a  much  hi^er 
temperature.  They  should  also  cotipnre  favourably  in  compactness,  first 
cost,  and,  on  account  of  their  slnrollcity  and  resistance  to  surges,  la 
reliability,  with  alternative  semi-conductor  arrangements. 

As  modulators  they  have  substantially  lo-;er  pa*er  looses  than  existing 
glass  valves,  as  weil  aa  being  much  mora  compact  and  tugged,  Their  long 
life  (the  target  is  5^00  hours),  an>'  the  ease  of  storage  and  handling  of 
spares,  is  expected  to  make  them  mo  ^e  economical  in  use  at  average  po'.^ers  at 
least  down  to  50  IW, 

Aa  inverse  dlOiles  they  will  have  advantages  In  conpactness,  robustness, 
reliability  and  simpler  cooling  requirements  than  possible  semi-conductor 
alternatives,  though  the  heat  dissipation  will  generally  be  a  little  hlfh''?!’. 

It  thus  appears  that  for  most  mcdulalcr  applications,  at  least  down  to 
the  50  KV  average  power  level,  th^  valves  c..'  this  family  will  represent  the 
boat  avu'lGble  dovioes  for  all  replications  for  come  tin>e  to  come, 

A  ckn  owl  e  d gtns  n  t  o 
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T.\BLB  I 


VX  3351  -  CONTROIX.33  RECTIPIEH 


Tar(»ct  Ratinaa 


Parameter 

Unit 

Limits 

Heater  voltage 

T.  R.W.S. 

6,3  “7^ 

ReaeivoLr  voltage 

V. 

6.5  ^7^ 

Cathode  heating  time 

secs. 

300  min. 

Peak  forward  anode  voltage 

KV 

4C  max. 

Fealc  inverse  anode  voltage 

KV 

4c  max. 

Vesj\  anode  current 

A 

3.5  max. 

Peak  anode  current,  noiroal  aoeratloa 

1 

25  max. 

Peak  anode  current,  surge  (Hoto  a) 

A 

5C0  max. 

Atrh  lent  temperature 

-2ii  to  +85 

Note  A  For  a  maximum  of  two  successive 
supply  frequency  of  5®  c.p.s. 

half-cycles  of 

current  at  a 

Tentative  Data 

Heater  current 

A.  H.  M«  S. 

■>5 

Reservoir  cuirent 

A,  R,M.S. 

2 

Unloaded  trigger  pulso  voltage 

V. 

200 

Ti’iggar  current 

mA. 

50 

Recovery  time  (Note  l) 

yuseo. 

175 

Rote  1  Keaaured  with  a  1  K7.  test  pulso  i'’ollcwlng  12  A,  poaJf  e^ode 
current,  with  zero-biaa  and  A-  Kohms  grid  circuit  impedance. 


-  IC’ 

-  2i- 


DlnvenBiuna 

Overall  length 
Envelope  diameter 


T/tBLU  ir 


parameter* 

Units 

Limits 

Heater  voltage 

1  S 

1  « 

6.3  -7^ 
6.3 

Reaer/oir  voltage 

V.R.l!.S. 

Cathode  heating  time 

secs. 

300  min. 

Peak  for\Tard  anode  voltage 

KV. 

40  max. 

Mean  anode  current 

A. 

2.5  oax. 

Peak  anod',  ourrint  (f/ote  A) 

A. 

2000  max. 

pejik  rate  of  rise  of  cnirrcnt 

a/ yusec, 

V  X  A  X  p.p. s» 

7500  nax. 

Operation  factor  (ifote  B) 

20  X  109  max. 

Anil  lent  temperature  I'ango 

oc 

-25  to  +03 

Noteoj  A.  For  5  yu2cc.  (max.)  pulaea.  Derating  for  longer  pulse 
lengths  la  to  be  detennlned. 


B.  This  applies  for  a  rate  of  fall  of  current  not  exceeding 
2500  V yuccc.  and  a  peak  inverse  voltage  not  exoccdlr^ 

0.25  X  Va  pk. 

Tontat  Lvo  Data 


Heater  current 

A.  H.M.S. 

15 

Reservoir  curi-ent 

A.  R.M.3, 

2 

Unloaded  trigger  pulse  voltage 

V. 

500 

Trigger  eourco  impedance 

ohmi 

500 

iJeex-very  tliue  (Mote  I) 

y^SeC, 

30 

ITot^  1.  I.;easurcd  "elth  a  1  KV,  teat  piiloe  foMowing  2000  A.  peak  curi'ont> 
^Tlth  -100  V.  bias  anO  n  grid  l-upcdaneo  of  ^00  ohioa, 

Dlmenolona 

Overall  length  -  10“ 

Envelope  dlariotiir  -  2j“ 
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TABia  in 


Parruseter 

Units 

Limits 

Heater  voltage 

V.  R.W.S. 

6.3 

Heaervolr  voltage 

V.  R.M.S. 

6.3  ^7^ 

Cathodo  heating  time 

Bees. 

300  min. 

Peak  inverse  voltage 

K7. 

4  0  max. 

Ifcan  anode  current 

A. 

2.5  max. 

Peak  current,  noraal  (Note  A) 

A. 

5CX)  max. 

Peak  current,  fault  condition  (Note  b) 

A. 

2000  max. 

Ambient  tenporalura  range 

-25  to  +85 

Notes j  A.  For  10  /usee,  (max.)  palaes. 

Dei-ating  for* 

longer  pulses  to 

be  determined. 

B.  For  10  /usee,  (max.)  pulaee  at  400  p.p.s,  (max*).  Maximua 

duration  of  faull  1  aeo. 

Pintatlve  Data 

Heater  c.rrrent 

A.  II.M.S, 

15 

Reservoir  current 

A,  R.M.5. 

2 

Unloaded  trigger  pulse  voltage 

V. 

200 

Trigger  cirront 

mA. 

50 

PlCTgaBlonw 

Overall  length  ’  —  10* 

Ehvelope  dlainoter  -  2^" 
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TO  MAIN 
CIRCUIT 


FID.  1 


r:E  ’•cHajiiDra)  giud"  R^^cTirrEfi  cracuir 


SJtTUUATION  I 


CRITICAL 


PIC»  3. 


,''i3LE  RE/.CTCR  GRID  CTRCUIT  /J)D  WAVKt’ORlCS 


HfDucT.rvi:  grid  circltt  rjw  ?)‘  vr?0Ris5 


PIE.  5 


LT.5ITEJC  CRH)  VOLTAGS  TfAVEFORJS  THEI  TICS  .RiDUCTiyB  GRID  CLK^UHf 


HTCH  PFAK  POV.'KR  KODUIATOR 

pcrs  Ifivsi-AriCH  IN  P'Ji^sE  cu.v.pnissioK 


by 

R «  R'lnka , 

Marconi 'iVireloan  Tolo.'/raph  Cor'pany  Limited. 


specification  of  EQL'IP?.<KNT. 


Tho  prime  requiroi.K-nt  of  the  cquipmant  described  below  was  that 
within  ti^o  years  of  ccr.'r;.c-ncoir.ent  of  its  design  it  ehoald  bo  available 
for  the  initial  testing  of  the  high  power  T.W.T.  which  forms  its  load. 
This  precluded  the  application  of  advanced  techniques  beyond  those 
csEontial  to  the  fulfile.cnt  of  tho  tight  target  specification  on  output 
wavefoiTH  -  c.g.  thyratrons  rated  at  35  e.re  being  operated  at  only 
25  EV»  primarily  because  at  the  initiation  of  tho  development  it  was 
uncertain  at  what  date  tho  35  thyratrons  would  be  available  and 
development  had  to  proceed  with  over-run  25  KV  tbyratrons. 


("ig.l)  shov/s  the  specified  output 
voltage  '.vavoforiD  having  a  guararitocd 
departure  from  an  ideal  flat  pulse  top  of 
not  more  than  2'’  over  tho  4.1  Aiu  in  which 
R.F.  drive  is  applied  to  tho  T..V.T.,  and 
having  a  design  target  of  individual  fourier 
components  of  this  de;wrturo  from  ideal 
of  tho  Older  of  0.1^  to  C.6;«. 

This  cutout  voltage  is  specified  to  be 
stable  to  0,1^  short  term  (1  second)  or 
0,75^  medium  term  (5  minutes)  and  is  developed 
at  a  peak  power  of  25O  In/  into  a  T,V/.T.  of 
nominal  porvcanco  I.4I  X  10~^  (1*25  ^  10“® 
riininoin',  I.56  x  10'^  nax3  mum) ,  corresponding 
to  5*^0  12/  peak  '^00  Amps  peak  into  1000  Ohuis 
mean  resistance.  Dynamic  resistance  of  the 
load  would  bo  67O  Ohms  but  for  relativistic 
ccrroctices  v/hich  increase  it  to  75^  Ohms  at 
tho  desi/pi  working  point. 

Rated  P,R.?,  is  2y0  pulses  per  second 
corresponding  to  2^,0  useful  mean  output, 
but  actual  mean  output  including  power  in 

leading  and  trailing  edges  is  44O  K'N,  This  illustrates  the  point 
that  4/u3  pulse  long-th  is  near  to  the  economic  minimum  value 


practicable  in  a  load  of  1.4yU?  at  this  p“ok  power. 


?U 


CETir^RAL  DESCRimOff 


T.ff.T.  arvJ  Load  Shield. 


The  T.V/.T.  fording  tho  l^id  is  of  iHft  to  20ft  overall  ler^Tth, 
*ei/?h3  about  5  ToriS,  anl  £jiv«  rise  to  an  X-Ray  flux  of  tho  order  of 
100  Rad/tninute  at  'j*'t  d  sta!;ro,  of  which  the  cl^iiicant  components 
are  at  energies  of  froLi  ^00  y.-zl  to  almost  1  JicV.  The  reflultlng 
problom  in  blolo^cal  shield  fesicti  c^catly  influences  the  layout  of  < 
the  tii^h  Voltage  circuitry  shrm  in  section  In  together  with 


r-l^.-uro  2. 

the  T.'T.T,,  load  shield  ajid  low  ’/oltago  circuitry.  Tho  T.W.T.  with 
axis  horizontal  Is  carjoied  on  rails  in  a  concrete  pit  with  lead  roof 
at  the  general  ground  level.  Iced  doors  close  boliind  the  T.V/.T.  to 
completa  shielding  of  8’*  load  or  lead  equivalent. 

High  Voltage  Structure. 

Tho  Cathode  insulator  of  tho  T.V/.T.  protrudes  through  the 
smallest  practicable  aperture  in  the  load  shield  Into  a  lightly 
scrO-ood  (l|"  lead)  conn-clior.  e'earbor  which  is  Oil  I'illod  but  isolated 
frorD  tho  inin  transformer  tanhs  by  a  Perspex  disc  insulator  m  tho 
plane  of  the  current  and  vol  tag?  ronitore.  In  this  region,  which  is 
subject  t'j  high  X-Ray  flux,  voliaje  gradionts  are  held  to  1^0  KV/ineb 
iraximun  except  on  tho  T.'V.T.  itielf.  This  connoctlou  tank,  together 
’»ith  the  oil  tank  of  tho  'jin  low  capacitance  heator  transformer 
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of  8  KW  80  /  100  Amps  c*}(i  c/a  ra^.ing,  ferua  tho  biological  sbiald  for 
tho  X-FiAy  heam  emorgont  via  tho  cathode  atructare  of  th*  T.W.T. 

To  KinimlBe  atray  capacitance  the  nain  pulse  transfomar  Is  placed 
ifwnedlately  above  the  heater-  tratiaformer  ai*i  the  heater  6Uid  pule# 
transfoncor  tanka  fora  a  single  vacuum  veBSol  for  elimination  of 
air  bibblea  from  the  high  •.-oltage  structure  during  initial  filling 
sith  Shell  Diala  3  oil.  This  High  Voltage  structure,  including  th* 
poloe  tranafomer  aecondary,  hae  a  total  shunt  capacitance  to  ground 
o*  430  pP,  distributed  aa  150  pF  Tranafennor,  80  p?  T.W.T. ,  and  200  pF 
heater  tranafomei ,  monitors  and  connection  chamber.  Tht'se  last 
three  eleraenta  also  form  the  X-Raj  shield. 


Figure  3. 

Tho  need  for  control  of  sorles  stray  l:id,uctanco  in  the  primrj 
circuite  of  tho  puloo  transformer  has  dictated  tho  layout  of  the 
E.-Ouuluior  shown  by  (Fig. 3)  vihlch  is  a  view  fron  a  10  Ton  OTorhoed  orone, 
Tcolvo  identical  P.P.IT.’e  oporatlrig  in  parallel  are  mounted  In  tho  alx 
lower  oteol  tanks  tiroujid  the  central  hersgonal  puloo  trunofor.cor  tank, 
Th^ratrono  aro  mounted  in  tho  «ire  Dicish  encloouroa,  over  tho  P 
and  tho  Invorco  dlodej  uith  their  loade  crJ  tho  chai'irlr.'j  clrculta  ar« 
mounted  in  tho  oil  cc’olnoto  outside  the  P.P.  f.'s. 
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theoretical  10  OT  at  wa^etlatns  currant.  This  heat  ia  removed 

from  the  vicinity  of  the  core  by  forced  oil  distribution  via  the- 
hoade.' s  visible  in  (Fig. 4)  which  nro  fed  with  5^  G.P.V’^  by  a  pomp  and 
oil  to  ai:  heat  exchan^.er  system. 

Primary  Pulse  Circuit. 


The  twelve  parallel  basic  primary  circuits  aro  each  aa  ehown  in 
lu  the  intorlre 

form  of  the  modulator  tho  main 
thyratron  (Vl)  was  a  VX.325O 
Hydrogen  Thyratron  over-nin  on 
anode  c-irrent.  In  the  final 
form  o'  the  modulator  pairs  of 
identical  circuits  in  parallel 
operate  from  each  of  six  VX.333o 
Douteriuin  Tnyratrons.  To 
mininiso  effects  of  stray  shunt 
reactances  to  earth  oi'.o  side  of 
e.ach  P.F.'J.  is  earthed  at  tho 
cathode  tcrmirLai  of  ths 
Thyratron  and  coneld arable  cara 
Kio  been  tahen  in  the  arrange¬ 
ment  of  the  main  pulse  circuit 
leads  to  obtain  lo-.f  loop  inductance.  Figure  5, 

loach  of  the  twelve  VX.3533  Doutcrium  Inverse  Diodes  Is  connected 
at  the  back  of  its  asijociated  P.F.N.  of  impedance  Zo  in  eeries  with  an 
air  cooled  load  R] ,  Z^,  R2  Of  j  0,7  ^0  and  non-linear  oloraent 
Z]04.  V“^.  To  protect  against  thyratron  rovcrco  conduction  and 
consequent  oscillatory  diachargo  of  the  P.F,J<,  when  the  load  abort  .  • 
circuito  (Rj  +  Z]_)  ia  .made  to  equal  7o  near  to  the  full  load  short 
circuit  condition,  (Zl  ■  0,2  Zo  at  fi' .1  load  short  circuit).  To 
control  tho  demignatisatibn  cycle  of  tho  pulse  transformer  y  7  2o 
pro^-ldos  damping  of  the  overswinj  {Z^  »  7  Zo  at  peak  of  mfpaotislng 
overawing) . 

The  charging  circuits,  resonant  at  ZpO  P.R.F.,  have  provision  for 
insertion  of  a  total  of  six  Englii^h  Electric  Valve  Co,  AK.llZi  thoriated 
filament  air  cooled  external  nnodo  charging  dioios  for  variablo  P.R.F. 
workltg  during  T.V.'.T.  procc3r,in,-p. 

Power  Eupolv  gr.d  Contxol. 


I  ho  main  ro.'iorv.ii  r  capacitor  of  I4O  ai?  13  KV  rating  is  fed  via 
a  2H  choke  v/ith  ohunt  surge  protection  by  a  non-linear  rosietor  from  an 
English  Electric  6  phase  full  nave  bridgo  mercury  Excitron  rcctifior 
erplo/'.r.g  grid  blocking  for  fault  prctcctlon,  Tne  no.dulator  in  fod 
by  a  j-otor  al  to  in  a  tor  rot  comi'risj  ng  iniiuclior.  motor,  tnain  and  pilot 
alternator  wj.tb  iragaatic  amplifier  autorr.atic  voltage  control  lorn , 
r. •'.chine  inertia  and  tiio  voltage  regulators  pro'vido  stabillcation  of  , 
oupplios  against  rr-ain-j  supjjy  trnnsionto  and  b.C,  feedb-aek  to  the 


90 


r^ln  A.V.B.  stabiliaca  the  mam  H.T,  sjainst  a  referenco  aourca 
adjustable  from  the  contrcl  desk  ((^1^7,6)),  v .  whica  full  control  and 
monitor  facilities  are  centralised. 


Ficure  6, 


liidepealeritly  of  A.C.  and  D.C.  overload  relays,  high  speed 
protection  ie  provided  by  blocking  of  grid  drive  to  modulator  tbyratrona 
and  rectiflora.  48  individual  transistor  fault  detectors  of  2/uS 
response  tine  are  fed  fron  monitor  points  throughout  the  modulaxor 
and  operate  this  protection.  To  assist  in  •^ault  diagnosis,  fault 
detectors  iodicato  individually  at  the  control  desk  the  presence  at  the 
associated  oonitor  point  of  a  signal  either  above  or  below  a  preset 
reference  lewl  which  nay  bo  constant  or  Droportional  to  H.T.  To  teat 
these  monitora  and  fault  detectors  a  routiner  periodically  alters 
individual  reference  voltages  to  values  which  should  produce  fault 
detector  operation  with  a  normally  functioning  modulator.  Simple 
transistor  and  diode  logical  circuitry  separates  modulator  fault  and 
detector  test  indications  and,  when  necessary,  prograirraes  the 
transmitter  for  instant-ajicous  shut  down  after  a  preset  number  of  fault 
pulses,  and  also  for  K.T.  lock  of^  or  recycle  according  to  the  nature 
of  the  fault. 

ir-THTOT)  07  amciJ  TO  rj-h-a*  ?HF  RiLSK  SHA??.  Pnc.;iTR:?.7:>rr . 

It  was  decided  initially  that  it  would  bo  neoessary  to  employ 
linear  network  theory  thmighout  and  to  apply  empirical  corrections 
to  the  completed  cicdulalcr  to  correct  for  the  effects  of  the  non-linear 
load.  The  mean  value  of  load  in,p.odance  has  been  employed  in  most  of  our 
work  to  perwit  experimental  verification  of  the  theoretical  results 
but  checks  haw  been  nadc  of  the  effect  of  changing  to  tae  dynamic 
impodanco. 


Layout  of  the  High  Voltage  circuitry  wag  covomed  by  the  need 
to  mlnlmi.'ie  shunt  capacitance  and  thus  power  loss  in  the  leading  and 
trailing  edges  of  the  pulse,  Coreplicating  this  were  dorands,  firstly 
for  good  separation  of  the  pulse  transforn-icr  secondary  windings  from 
the  voltage  ronitor  capacity  potentiometer  so  as  to  permit  ar.  accurate 
knowledge  of  the  roonitor  capacity  ratio  from  low  frequency  ncasureinents, 
and  secondly  for  largo  size  to  provide  X-Ray  shielding  and  to  provide 
spaco  for  triuisient  daziping  roaistors  should  those  prove  necessary  to 
reduce  fault  energy  input  to  the  T.iV.T,  In  the  ovcnt  of  flashing. 

Once  a  provisional  value  of  secondary  capacltarice  had  been 
derived,  transient  responses  wore  computed  for  the  load  H  ar.d  C  fed 
via  various  values  of  scries  inJuctaiico  with  a  Hoavioide  step  as  from 
an  ideal  P.F.N.  plus  thyratron.  The  optioium  value  of  scries  inductance 
was  soloctod  from  the  resulting  graphs  and  v/as  that  which  produced 
Yja  overshoot. 


Prirary  voltage  •.•jas  detenr.ined  by  the  decisions  to  provide  for 
initial  operation  with  VX.IPSO  hydrogen  Thyratrons  of  25  KV  ratin,g 
and  to  accept  that  in  the  final  equipr.cht  subsequent  25  iCY  hold  off 
■working  of  the  35  rated  VX.333o  would  bo  justified  as  conducive  to 
the  high  reliability  of  operation  needed  in  a  modulator  operating 
several  valves  in  parallel.  This  voltage  doternined  the  transformer 
ratio  of  47/i  which,  with  the  previous  transient  analysis,  determined 
the  required  princ  "y  ciroiit  inductance  of  about  0,6yuH,  At  25  KV 
each  Thyratron  requires  a  rate  of  rise  inductance  or  2.5/uH»  and  four 
parallel  VX.3335  TLyiati-ona  which  v/caild  meet  tno  inean  power  requirement 
would  thus  contribute  0.625aiH  rate  of  rise  inductance  to  the  primary 
circuit.  This  would  neither  allow  practical  transformer  leakage  and 


circuit  strays  nor  provide  a  design  mcvrgin  to  allow  for  corrections 
of  tie  linear  load  theory,  Tbua  wo  adopted  the  present  6  valve  layout 


in  which  rate  of  rise  iriductance  contributes  O.dAifl 
pulse  transfomor  0,15/''iH  to  a  total  of  0,65^H  min 


0,4 /ufl,  leads  0.10  a 

rH  frilninuni  achievaal 
P.F.N.’s  absorb  0,] 


pricary  inductance,  ihe  end  sections  of  the  P.F.N.’s  absorb  0,19/uH 
of  tills,  each  of  their  twelve  coils  in  parallel  being  Diade  2.3y^i  nelos 
thooretical  value. 


The  need  to  minljilso  load  Inductance  and  the  convenient  availability 
of  12  Pulse  Transformer  nrir-ary  windings  suggested  that  12  P.P.N.'s 
would  bo  dosirablo.  Consultations  with  capacitor  (tanufacturera 
confirmed  this  and  nhev/cd  that  even  with  12  P.F.W.’s  it  v.ould  be 
nccoRsary  to  use  only  a  crall  number  of  sections  If  the  effects  of 
capacitor  lead  inductance  were  to  bo  corrected  by  adjuntrcent  of  inductor 
mutual  coupling.  A  email  number  of  boctlons  v/as  also  felt  desirable 
to  provide  a  largo  cud  bvcIIou  Indue tauce  to  auoorb  circuit  strays. 


It  was  decided  at  this  atugo  that  equal  capacitor  notnorkfi  wore 
desirable  both  to  ueoiot  in  menu  foe tuuo  of  close  tolerance  capacitors 
of  equal  tompora-.uro  cccfficionts  ar/l  terr.porature  rise,  and  to  avoid 
aggravating  the  capccitor  lead  Inductance  problem.  It  was  decided  on 
the  basis  of  oomo  proviuiorial  calculations  of  intor'-section  mutual 
inductance  from  Dcction  n  cf  a  P.F.Jf.  to  ooct*  no  n  +  1,  n  2,  etc., 
that  In  order  to  obtain  adequate  agreement  of  a  iranagenble  theory  with 
tho  practical  circuit  it  would  be  nocoesary  to  screen  Individual 
eoctlono* 
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Figure  7. 

Each  section  of  the  network  waa  thoroforo  donicntid.  aa  shown  in  (Fig»7)» 
as  a  T  section  and  built  with  sepavato  scrcona  for  the  Inductor  and  for 
the  capacitor  connectod  to  its  centra  point.  Soriou  stray  inductanco 
of  each  capacitor  was  thus  mininiced  and  could  be  ceaourc-d  accurately. 
The  theoretically  required  values  of  mutual  iniuctanco  bot.veon  tho  two 
halves  of  tho  ir.luctor  %;oro  adjusted  tc  allow  for  tho  ohservea  moan 
value  of  tho  capacitor  inductance. 

Corrponent  tolerences  ucrc  expected  to  be  bettor  than  ^  y,i  relative, 
+_  absolute,  for  capacitors  or  +  2f:  relative,  3!®  absolute,  for 
Inductors.  This  has  been  achieved  with  an  observed  ^  1^  ooleotlon 
toloranco  in  tho  c^.paoitors  as  recolvci  and  temperature  coefficients  of 
0,03  to  0,05/»  per  C.  V/ith  a  statistical  inprovoiront  of  about  jTs  to  Tw 
expected  from  tho  parallel  connection  of  12  networks,  departures  fron 
calculated  wavoforms  of  the  order  of  ;V^  may  bo  expected,  with  a  small 
further  error  In  pulse  duration. 

To  achlevo  a  thoorotical  waveform  of  a  iiimilar  order  of  coodness 
has  involved  considerable  computation.  Tho  basic  approach  baa  been  to 
design  a  network  by  Cuillemln’c  rnothod,  cemputin^p  tho  ootr.poncnt  values 
for  the  equal  capacitor  form,  and  then  to  comiruto  tho  pulao  wevefona 
in  load  R  •»  Zo  for  the  circuit  so  derived.  It  is  a  weakness  of  tho 
iterative  rotliod  of  calculating  the  coi.pononto  of  tho  equal  c  network 
that  ii  has  boon  noceosary  to  ’»..rk  initially  to  'jO  ox-  more  binary 
digits  to  obtain  throe  significant  figures  in  tlio  final  component  values, 
but  a  progT-ar.ne  to  perform  this  realisation  on  a  D'JjC'E  co;f'p\iter  has  beea 
prepared,  Ouillomin  networks  of  the  parabolic,  cubic,  ar.d  quartlo 
forms  of  leading  and  trailing  edges  were  explored.  Doaigns  to  the 
cubic  and  q'uartic  laws  and  of  tho  higher  nunbor  of  sections  tondod  to 
lead  in  genoral  to  networkw  not  realisable  in  tho  equal  capacitor  fora, 
or  only  r.-r.rginal ly  superior  in  pori'orranco  to  the  parabolic  tyi's  of 
tho  oamKs  nu^abor  of  sections.  Tho  parabolic  rise  case  pi-ovod  moot 
promiolag  and  ocaordiiigly  tho  graph  shown  in  (F'ig.8}  'was  computed  showing; 
^  ripplo  of  tliM  noininolly  flat  top  of  pulses  genoratod  by  4,  5»  ^  and  ^ 
sootlon  networks  of  varyln,';  value  of  ’’a",  tho  ratio  of  parabolic  rise 
time  to  b'aeo-line  pulse  length. 


101 


Figure  8. 

Fron  this  data  tha  parabolic  CuilleoLn  not^»ork  of  six  soctlona  and 
a  j*  0,15  was  chosen  aa  giving  acceptable  ripple  for  mirlrauD  total  energy 
storage  and  further  jonputations  nude  of  the  wavoform  developed  in  a  load 
of  H  »>  Zo  paralleled  by  C  to  give  Cf(  >  0,42yu3  as  in  the  expected  high 
voltage  circuit,  and  fed  via  an  inductor  or  arbitrary  value.  ita  beat 
results,  03  shoxTn  in  (Fig, 9),  wore  obtained  with  a  •  0,14  and 
V20  ■  1,04  which  led  to  tha  prl.xary  circuit  inductance  of  0,53 /uH 
adopted  in  the  final  equlpnont,  TUia  allows  0,07 /uH  padding  imuotonce 
for  final  enpirical  adjustment  of  the  output  wavofbro, 

I>arlng  this  phauo  of  trial  and  error  oeloctlon  of  notworlci  and  of 
adjuatment  of  the  load  Inductance,  wo  had  initially  believed  that  the 
major  errors  in  our  logical  deaign  proceoo  lay  in  the  rounding  off  of 
infinite  series  at  an  arbitrary  nth  term.  In  the  Guillemln  oethod, 
however,  a  further  discrepancy  arises  from  the  ixse  with  a  ratched  load 
of  a  network  dosignad  by  ouciming  the  poriolic  currents  produced  by 
n  parallel  eoctioaa  each  of  L  and  C  in  sorios  operating  into  eb.ort  oirouit 
and  ciiuating  these  to  corresponding  terms  of  a  fourior  analysis  of  a 
repetitive  wavafora  of  the  desired  type,  V/ith  the  networlc  »o  have 
adopted  the  computed  output  wavefoi'm  in  ohort  circuit  is  an  order  of 
nagnitude  bettor  than  that  In  natebod  load.  This  omphasiooa  tha  fact 
our  design  is  esseiitially  empirical  and  does  not  therefore  neceosai'ily 
produce  optirum  porfonranco  for  the  nutiber  of  variables  at  our  disposal. 
Though  there  is  thus  a  theoretical  need  for  fui'ther  effort  to  bo 
dewted  to  analysis  of  the  network  design  problems  »  preferably  of  the 
P.F.H.  coupled  with  the  load  L,  C  and  R,  we  have  already  achieved  a 
roEult  adequate  for  the  accuracy  of  construction  practicable  in  our 
high  power  equipiront,  and  have  not  tborefore  continued  this  work. 


102 


Figure  10,  Figure  11, 

OPERATING  EXyERIENCB  TO  MTB. 

A  pliotograph  of  tho  typical  output  voltago  waveiona  obtained  at 
500  ZV  into  lineaj  load  is  shown  in  (Flg.lO)  •  To  measuxo  the  Baveforu 
errors  two  independent  oiethode  have  been  adopted,  one  by  phetographio 
enlargement  of  a  »oll  focuesod  oocilloBcopo  trace  and,  for  norroal  une, 
tha  more  convenient  one  ehonn  in  (Flg.lO)  of  electrical  "windowing"  or 
selection  of  only  too  pulae  top  for  eimpliflcation  prior  to  display, 

Thooe  iretbodo  agree  well  and  (Fig.ll)  shows  typical  waveformo  an 
obtained  .  t  5®0  KV  into  entebad  reciotiva  load,  300  KV  in  I  ••  KV^/2 
diode  load,  and  3OO  KV  in  a  realatlvo  load  equal  to  diode  cean  impedance 
at  that  level,  T/avafonn  is  naturally  dependent  on  tho  load  Iwt  a  top 
flat  to  within  the  guaranteed  2^  has  boen  achieved  and  fourier 
components  with  the  exception  of  the  foui’th  are  generally  within 
spocif icatlon.  The  cause  of  this  ripple  in  the  pulse  top  hao  not  yet 
been  invostigatod  as  our  main  effort  has  been  centred  on  tho  testing  of 
a  "Short  Diode"  —  conprising  tho  cathode,  anode  and  collector  of  tho 
final  T.'fl.T,  with  slow  wave  structure  omitted. 

With  the  "Short  Diode"  in  circuit  operation  at  up  to  only  3.‘50  KV 
to  380  KV  has  proved  practicablo  as  severe  flashing  of  the  diode  ocoura 
at  thla  level,  Thia  has  cauaod  no  probleiri.3  in  modulator  operation  but 
even  with  next  pulse  shut  down  of  tho  modulator  following  a  flash  the 
normally  beneficial  spot  knocki»ig  process  ceases  to  improve  the  Short 
Diode  at  thia  level, 

Thia  raises  an  interesting  problem  in  valve  protection  on  which  we 
are  at  present  collecting  data  liluatratod  by  (Fig. 12)  v/hich  la  compiled 
froffl  photographic  recordo  not  suitable  for  reproduction,  Tho  three 
modulator  output  waveforms  are  on  identical  time  and  arT>litud0  scalee. 


The  first  shows  norraal  output  at 
320  KV*  The  second  is  typical  of  the 
Output  current  when  the  “Short  Diode" 
flashes  and  v.as  recorded  at  320  ICV 
following  very  similar  flashes  at  325 
325  iO/,  340  KV  and  345  spread  over 
6  minutes  operation.  The  third  waveform 
is  an  abnormal  one  occr.sionally  observed. 

This  record  was  obtained  1  minute  after 
the  record  above  and  this  flash  was  followed 
by  others  at  200  KV  from  '.vhich  recovery  to 
even  230  KV  took  20  minutes.  Though  the 
severe  9  Kc/s  ring  of  the  modulator  high 
voltage  system  on  short  circuit  has  been 
observed  only  occasionally  the  correlation 
between  this  and  apparent  damage  to  the 
"Short  Diode"  appears  to  justify  inclusion 
in  the  modulator  of  a  series  damping 
circuit  in  the  high  voltage  lead  as  close 
as  possible  to  the  "Short  Diode". 

RITURZ  P.ROGIbiMdE.  Figure  12. 

To  hold  off  stray  capacitance  from  the  T.T/.T.  or  "Short  Diode"  and 
to  damp  the  9  i'lo/s  ring  discussed  above,  a  damping  circuit  of 
R  -  100  Ohm^  and  L  «  5^1  in  parallel  is  to  be  included  in  the  modulator 
high  voltage  lead.  Operation  of  a  complete  T.V/.T.  which  should  bo 
available  shortly  will  then  take  precedence  over  other  »orlc,  which  will 
include  investigation  and  improvement  of  the  output  waveform  after  full 
power  operation  has  been  achieved  by  cither  modulator  or  T.W.T. 
modification.  Life  experience  at  full  power  has  co  far  boea  limited 
by  flashing  of  the  "Short  Diode"  and  by  the  VX,3250  ThjTatrons  which  have 
been  run  to  the  overload  neconsary  for  full  output  for  only  limited 
periods,  V/ith  the  VX,333<J  T'ayratrons  now  in  circuit,  further  life 
experience  is  urgently  rcT,uired  and  will  bo  obtained  with  T,V?,T,  load 
if  possible  or,  failing  this,  with  resistor  load. 

AC’/CT0V/1-RDG>^<TS . 
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Telegraph  Company  who  has  supplied  most  of  the  dotnilod  information 
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1 •  Introduct  Lon 

The  modul;*.tor  to  be  described,  which  is  now  nearing  completion,  la 
rated  at  400  k'U  aean  pcr.ver  and  40  OT  peak  pov/er,  r/ith  a  nominal  pulse  lengtli 
of  either  200  yusec.  or  6?  yusec.  It  was  designed  as  a  teat  courca  for  the 
VX  523  klystron.  TJie  coat  was  to  be  kept  to  a  minicium,  and  the  installation 
was  to  fit  into  existing  accommodation  with  limited  internal  floor  space. 

^e  majority  cf  high  po-.fer  tnod'ilators,  v/hether  of  network,  hard-valve  or 
floating-deck  tyre,  contain  a  D.C.  energy-storing  or  stcoothing  capacitor  In 
which  the  energy  stored  la  often  ten  timer  greater  than  the  energy  contained 
in  a  single  poJ.se.  This  component  is  largo  and  costly,  and  gives  rise  to 
the  problem  of  diverting  the  stored  ener^  on  the  occurxonce  of  a  fault. 

The  capacitor  has  been  eliminated  by  ecaploying  an  A. C,' -charged  network- 
type  modulator,  resulting  In  an  appreciable  saving  in  size  and  cost.  The 
total  energ>'  stored  is  never  more  than  the  pulse  energy,  which  has  a 
value  of  8C00  Joules.  Tirus  the  problem  of  energy  diversion,  v<hilo  not 
eliminated,  la  alleviated. 

In  order  that  the  A. C. -charged  modulator  preaenta  a  balanced  load  to  the 
three-phase  supply,  vrith  a  xvasoEiobly  high  pov/er  factor  and  low  harmonic 
content,  three  pulse-forming  networks  are  employed.  Tnese  are  charged 
sequent  icily  via  a  netv.ork  of  valves,  which  also  eliminates  D.C.  in  the 
supply  transformer. 

2.  Basic  Circuit 


The  basic  circuit  of  the  modulator  is  sherm  in  Fig.  1. 

An  11  kV  50-cysle  3-phaso  A.C.  supply  is  fed  via  a  tapped  auto- 
transfoiursr  with  off-load  tup  changing,  vmich  is  used  as  a  coarse  control  of 
modulator  output  voltcge,  and  a  double-wound  step-up  transformer.  To  the 
necondary  -winding  of  this  transformer  are  connected  6  valves  arranged  as  In  a 
5-phaGc  bridge  rectifier  circuit.  Tne  circuit  differs  from  a  3-rhase  bridge 
however,  in  that  the  cathodes  of  the  valves  7^,  V2  ^3  not  stropped 
together  but  are  each  connected  to  a  charging  i-cactor  and  pulse-forming 
network.  These  three  valves  arc  grid-controlled  chax'ging  thyratrons  yJhoaa 
firing  determinea  the  times  of  corrmencement  of  the  three  separate  charging 
periods  of  the  three  networks,  relative  to  the  supply  voltage  waveform. 
Dolcycd  firing  is  c-sccntial  In  order  to  secure  time  for  the  reco'-ei;/  or 
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Tivlves  associated  with  the  discharge  circuit,  os  V7lll  oe  ahorm  later, 
Tariatloa  of  grid  firing  phase  is  used  to  control  the  output  of  tha 
Bodulator, 

Tne  charging  cuiTent  of  each  network  Is  an  approximate  half-alne-wavo 
■•hose  duration  is  determined  pr'Incipally  by  the  product  LG  where  L  Is  tho 
laiuctance  of  each  charGing  reactor  end  C  is  the  total  capacity  of  one 
polse-fortning  networic.  Tlie  chai^ging  current  returns  to  tho  supply  via  the 
three  return,  diodes  and  Vg,  between  v;hlch  there  is  free  coonutatiotw 

■pach  pulse-forming  network  has  Its  own  discharge  thyratron,  the 
cathodes  of  these  three  valves  Vy,  Vg  and  being  strapped  together  and 
connected  to  the  primary  winding  of  the  pulse  transfornBr, 

There  are  two  principal  modes  of  operation  as  sho\,na  in  Fig,  2,  (a) 

"oe  three  nehvorks  nay  be  charged  in  succc.ssion  and  discharged 
sinultaneously,  -v/ith  a  pulse  repetition  frequenc}’’  etinaj.  to  the  frequency  of 
the  supply,  (b)  'Ihe  three  netirorks  may  he  charged  and  discharged  in 
succession.  Independently,  giving  a  poise  repetition  frequency  equal  to  3 
tires  the  supply  frequency. 

In.  code  (a)  the  in^dance  of  each  network  must  be  equal  to  3  times  tha 
effective  load  Iropodance,  aince  the  3  netT.orks  are  diacliarged  in  parallel. 
In  mode  (3)  the  itrpedcvnoe  of  each  nct'ork  must  be  nominally  eq'ual  to  tha 
effective  load  impedance,  Tho  change  from  node  (a)  to  mode  (B)  Is 
ccr.veniently  made  by  removing  the  net^vo^k  coils  and  replaoing  them  with 
coils  of  one-niniii  the  inductance.  This  changes  the  netvx)rk  iiiqpedance 
free  18  ohms  to  6  oluns,  and  the  nominal  pulse  length  from  200  microoeconda 
to  67  microseconds.  At  the  same  tims  the  triggering  of  the  discharge 
valves  is  rearranged,  Tlie  mean  pov.-er  and  perJc  po.ver  remain  the  oaiM, 

It  vrill  be  apparent  that  sufficient  time  must  be  allovred  between 
successive  charging  Txjrioda  for  the  pulse-forming  networks  to  bo  dlsdiarged 
and  for  reccrcry  of  valves  associated  with  tho  discharge.  However,  tha 
charging  periods  should  not  bo  in.ide  shorter  than  is  tiocessaiy,  othemiso 
the  charging  current  becomes  more  peai^,  its  ILILS.  value  increases  and  tl» 
utilisation  factor  of  the  supply  deoreases, 

3,  Charglnp;  Circuit 

Let  us  new  consider  the  charging  of  the  pulse-fomijig  networks  la  more 
detail. 

Tho  upper  sot  of  sine  waves  iu  Pig.  3  represents  the  phase  voltages  of 
the  sui^ply,  that  Is  the  voltage  of  tho  tlirce  bi'.ohings  with  respect  to  thJ 
stir  point.  Consider  valve  V.j  fired  at  the  angle  ji,,  o'«  tho  voltage  of 
red  phase  is  approaching  its  maxlmun;  ro:  i'/;  .-^cut^lon.  I\X\  approximate 
half  sine  -wave  current  flo-.vs  into  l•.ot.  •.,-rk  1  via  returning  initially  to 
tha  phase  which  la  most  negative  v/itn  I'c'-u-cct  to  tha  red  phase,  l.e,  to 
yellow  phase,  through  diode  Ve*  -At  th^o  iru.tiU'it  blue  phase  bacoinea  mors 
nc;ativo  than  yellow  phase  soothe  curr;-!;v  tr; from  to  Vg,  The 
current  decreases  to  zero  at  the  ang3.o  -jid  V.^  and  Vg  extlnguloh  leaving 
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netwrk  1  fully  charged.  TTettrertai  2  and  3  charge  in  similar  faohioa* 
through  valves  72  and  7j  as  yellow  sod  blue  phase  become  positive  In  turn. 

During  the  charging  of  networic  1,  the  voltage  applied  to  the  charging 
circuit,  during  the  interval  from  to  ^2  difference  between  red 

phase  and  yellow  ph^se,  which  is  the  line  voltage  of  red  with  respect  to 
yellow,  and  from  ^  line  voltage  of  red  v/ith  respect  to 

blue.  Tne  voltages  applied  to  the  tiire©  charging  circuits  are  therefore  as 
shown  in  the  lower  waveforms  of  7ig.  3*  -^t  the  assumed  angle  of  firing, 

the  value  of  is  almost  equal  to  the  peak  line  voltage,  and  It  remains 
near  to  tlie  peak  line  voltage  over  the  whole  charging  period.  Because  of 
the  well-known  transient  behaviour  of  an  LG  circuit  the  network  voltage 
S'.7in3s  up  to  appx-oxioately  twice  the  toeaii  value  of  v^  over  the  period  of 
current  flow,  i.e.  for  the  interval  of  conduction  shovm  it  approaches  twice 
the  i:eak  line  voltage  of  the  supply. 

Let  us  define  a  quantity  p  is  the  ratio  of  the  natural  resonant 

frequency  of  the  charging  ciaacuit  to  the  supply  frequency,  i.e.  p  =  ^ 

The  behaviour  of  tlic  circuit  has  been  coi^q^utcd  for  several  values  of  th^^^ 
parameter  3  and  for  a  range  of  value*  of  the  firing  ^u^gle  assuming  a 
lossless  charging  circuit,  and  free  cocnutatLon  between  the ■return  diedes  at 
the  fixed  angle  ^2*  which  one  line  voltage  is  zero.  For  any  given  value 
of  the  greater  the  value  of  0  the  greater  the  peak  charging  current  and 
the  shorter  the  duration  of  current  flcrr.  T'ne  value  ohoseu  for  6  must  bo 
large  enough  to  ensure  that  the  interval  remaining  between  successive 
charging  periods  is  never  less  than  the  required  min  imam  for  any  value  of 
likely  to  be  used,  but  no  longer  thnn  necessary. 

In  thjo  modulator  under  construction  0  is  1.70  giving  (at  the  smallest 
value  of  v/hich  is  used)  a  maxiais*  charging  period  of  106°  and  a  minimum 
li;ter/al  betv.-ecn  charging  periods  of  14°,  corresponding  to  780  /usoc.  The 
desired  value  cf  p  is  obtained  by  appropriate  choice  of  the  tot^  charging 
circuit  inductance  L,  since  the  nstvoric  capacity  is  fixed  by  the  desired 
net%vork  impedance  and  pulse  length.  In  the  present  case,  the  total  value  of 
L  is  0.5^3  henry  of  which  O.5O  henry  i*  in  the  charging  reactor  itself  and  the 
remainder  is  in  the  transformer  and  supply  reactance. 

'is  the  Value  of  <i.  is  increased,  for  a  fixed  value  of  p,  the  charging 
period  decreases  slightly,  while  the  peak  charging  cui-rent  falls  off  rapidlj; 
resulting  in  a  decrease  in  the  voltage  obtained  on  the  pulse-forming  notriork. 
Variation  of  d-)  therefore  be  used  to  control  the  povr^^r  output  from  the 
modulator.  The  form  of  varlatiou  obtained  is  shewn  in  Fig,  4*  The  angle* 
on  the  horizontal  axis  are  referred  to  the  instant  when  red  phase  voltage 
passes  through  zero,  going  positive.  Over  tl«  range  of  from  45°  to  155°, 
V7hich  is  what  v.c  propone  to  use,  the  ideal  network  voltage,  expressed  as  a 
multiple  of  the  peak  line  voltage  of  the  supply  transforTr.cr,  varies  from 
1,91  to  0.67,  giving  a  variation  in  output  from  full  power  to  ^  power. 

The  valve  used  in  the  cheirgiiig  position  (and  also  in  the  aharge 
position)  la  a  deuterium  filled  tigrratron,  the  \GC  Tlw  ...  n  current 


throu^  the  valve  Is  10  an^)3  sa<l  the  raaxvriiin  inverse  volta(;;e  is  equal  to  the 
pulse— rorrvi in"  netv/oi'k  v&lta^ej  v/hich  is  kV.  The  moxitnun  inverse 
voltage  o:j  tl'.e  rctuin  diodes  is  ideally  equal  to  the  peak  line  voltage  of 
the  Eu^'plj'  tranofonnei"  v/hioh  is  in  the  re^icn  of  16V  k'/’,  so  that  one  can 
use  a  valve  vLth  a  cctisideiably  lower  iriverse  voltage  ieitiii2  thian  the 
charqui"  valve.  For  this  I'eason,  and  for  economy,  tlic  3V’/5C1H  liot-cathode 
mei'cury  valve  has  been  chosett. 

T..e  loctum  diodes  are  in  fact  triodss,  in  order  that  they  nay  be  cut 
off  for  fniuLt  suppression.  Tnc  p.rids  are  driven  by  a  rectified  10  key's 
sine  v.avo  T/hioh  is  squaro-.vave  raodiilatod  at  50  c/a  in  pi'.asc  with  the  anode 
volta"'^,  so  that  cac'n  valve  is  fi-ee  to  conduct  v/;;en  tl'.e  aiio-ie  is  positive. 
Care  is  taken  not  to  excite  the  ;'rid  v/h?!!  t'nc  .anode  is  riog.ntive  because 
this  results  in  incrc.n.sed  sputtering  tlic  .'mode  by  i.en  borhai'daient  and 
conserusat  deterioration  of  tlie  insulatio.n  to  both  c-'id  and  anode. 

^ic*  5  shiO-.vs  the  trmsforr.er  .secondary  cui-rent  vaveform  for  tv.u  values 
of  ITl'.an  ^  is  ^I'catcr  than  ^2»  ■'"hich.  is  90°,  there  is  no  cor.r-.utatlon 

between  retu:-n  diodes,  l.e.  th.e  cii  .rcinp  currctvt  rotuins  threup^  one  diode 
only.  Tne  utili.satio.'.  factor  of  tl:e  transforsior  for  =  45  is  0.81. 

4.  r^olco  Circuit 

sach  of  the  three  pulce-for.ain^  networks  (?iq.  6)  consists  of  10  equal 
c.apacitui's,  each  of  0  57  -r.d  a  Ion"  r.iriglc-laycr  tapped  coil.  One 

.side  of  the  net-./ork  is  earthed,  the  load  teina  placed  in  the  corunon  cathode 
circuit  of  the  t/u-ee  discharge  valves.  I'nis  sLnplifics  iiisulation 
pi'oblers,  particularly  v/ithin  the  carAScitors  thj;ii:.solvc3,  resulting  in  a 
smaller  capacitor  baido;  it  eliminates  problems  due  to  the  caps. city  to 
earth  of  the  netv.ork;  it  -also  means  th.at  the  c'XiTeats  in  the  various 
auxilia.’"’-  v.alvos  associated  with  each  r.etv.ork  (other  thaei  the  diccliar^ge 
thyrati'ons)  do  not  pe.ss  thi'cu^qh  file  load,  and  thus  avoids  j^robleras  arising 
from  interact  ion  between  the  three  sections  of  the  modulator.  The 
disadvcjit.ngo  of  having  the  catliodcs  of  the  disclaarc®  valves  at  hitjh 
potenti.al  (thi.s  also  applle.s  to  the  char^in^  v.alvcs)  is  cwnerccme  by  the 
design  of  a  special  valve  movznt  in^  bo;c  for  the  533-,  7)  containing 

all  nccessaiy  svuciliary  supplies,  together  v/ith  control,  pi.'essure  monitoring 
and  protective  eircuit.s,  and  isolating  colds  for  the  cooling  water  siniply.  • 

Fig.  8  is  a  diagi-am  of  one  of  the  thc-ee  pulsc-f oi-ming  netv/orks  and  its 
associated  vaJLvea, 

.'.3  with  the  majority  of  high  duty  ratio  ir.odulr.toi’S,  one  of  the  more 
difficjlt  aaq>ects  of  th.a  ciio.i.i.t  design  is  to  ensure  recovciy  of  tho 
disch'.rgL.ng  tlyrati'on.  'ih.c  problem  is  .apgravitcd  by  tlv;  non-lLnear 
nature  of  th;  load  which  cou.ecs  the  nclv.-ojx  to  be  left  pQ.5itively  cKargcd 
wiicn  working  at  low  voltage. 

TTe  aim  to  achieve  recoveiy  by  the  use  of  a  tail— biter  tlyiwvtron,  which 
i.'i  triggered  :r  red  lately  ruicr  the  end  of  the  main  pulse.  If  tho  load 
inpedr.noc  l.s  I'.igh  trr:  tail-bltcr  will  conduct,  short-circuiting  tho  network, 
and  scniing  a  negative  volt;  gc  wave  to  tiw  bae);  end.  Since  the  catliode  of 


the  tai-1 -biter  is  biescd  to  -J^OO  volts  the  anode  of  tlie  dladharglng 
tlijn-atrcn  is  forced  dov.n  to  about  voJta,  The  voltage  on  the  eathode 

of  the  discharging  tl'iyrati'on  is  dotornincd  by  the  decay  of  the  pulse  trans- 
forincr  mgnetising  oui'rcnt  tlirou;:h  the  ov'e rJ,/ ing  diode  and  non-lincnr 
I'csistor,  and  by  ai^proprlate  clioice  of  the  latter  can  be  arrested  at  not 
ooi-e  tlia-n  200  volts  negative.  TTe  are  thus  left  v/ith  a  reverse  voltage  of 
15^^  volts  across,  the  discharge  thyratron,  to  enable  it  to  recover.  If  the 
load  iiraicdancc  is  low  tlxire  will  cf  coui'oe  autonatically  be  a  reverse 
volt.agc,  limited  by  the  inverse  dio-ics  to  about  ^CO  volts  at  full  pcr.vcr. 

Follov.'ing  once  more  the  case  of  high  load  innped.ance,  the  falling  wave 
f'ront  caused  by  the  firing  of  tlie  tail-biter  travels  to  the  back  end  of  the 
network,  producing  a  negative  volt. age  ti'.cre  half  a  pulae  length  later  and 
causi'.g  the  inverse  diodes  to  conduct.  Tn.e  invci-se  diode  load  is  design-ed 
to  have  .an  irnpadance  about  I3  ti'.ios  the  netv/'Ork  impedance,  so  that  sooe 
negative  voltage  remains  temporarily  on  the  network,  and  a  negative  v/ave 
returns  to  the  fi’ont  end.  Nov/  tlve  anodes  of  the  inverse  diodes  are  also 
returned  to  ~.VC0  volta,  .so  that  vvlien  this  negative  wave  reaches  the  front 
end  of  the  network,  the  anode  of  the  tail-biter  is  taken  negative  \/ith 
respect  to  its  cathode.  Tims  the  tail-biter  is  given  its  chance  to 
recover. 

The  pulse  tranaformar  ratio  is  such  that  th.c  nctworico  are  natched  to 
the  lo.ad  at  7i;^  full  network  voltage.  Tiro  majcLmun  positive  residual 
net.voi'k  voltage  occiu's  at  2b.'^  of  full  voltage  and  is  about  equal  to  the 
nao:ir.i.ua  neg-ativo  rcsiciual  voltage,  which  of  courec  occurs  at  full  voltage. 
This  condition  lainimises  the  requiiacd  power  rating  of  the  inveree  diode 
series  resistors. 

-‘ei  'jrpper  Unit  to  the  value  of  these  resistors  is  set  by  the  need  to 
renove  subst.-uit tally  all  reverse  voltage  from  the  networks  before  rocharsing 
comricnces.  In  addition  tire  peak  reverse  voltage  occurring  a.t  the  back  end 
of  the  networks  i.mst  be  limited  to  protect  the  charging  valves  from  excess 
forward  voltage. 

The  mean  currents  flov/ing  from  the  -tCO  volt.s  bias  supply  through  the 
inverse  diodes  and  thx-ough  the  tail-biter  arc  in  opp/ositlon  so  that  the 
total  current  drain  on  this  perver  supply  is  quite  small. 

The  primary  function  of  the  ci'c/.bar  tube  is  to  diveid;  energy  fi'om  the 
load  in  the  event  of  cin  arc  in  the  load.  It  alao  oeive/j  to  protect  tiie 
courwwratively  small  tail-biter  and  Inverse  diodes  frem  the  consequences  of 
flashcver.  Tne  crer./bar  is  triggered  from  higii  speed  overcurrent  dotcctioa 
circuits,  shiOrt-circuiting  the  jvulac-forming  network,  and  at  tlw  same  tirae 
the  grid/i  of  the  cliarging  valves  and  return  diodes  are  suppressed  for  a  few 
seconds, 

Tr.e  load  fault  current  flews  through  the  le.akagc  inductance  of  the 
pulse  transforr.mr,  -which  is  quite  large,  -  about  60  /uJi.  referred  to  tho 
primary  -  and  if  one  merely  short  circuits  tiic  sourde  of  energy  tho  fault 
current  v/ill  dec.-y  only  slov/ly,  with  a  time  con.etant  of  several  liundixjd 
microseconds.  In  order  to  foi'ce  tlic  current  dD\.n  v/itliin  a  few  niioresoconds 
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it  Is  neceiisfay  to  i'etuni  the  oatliode  of  the  ijr<>i7bir  to  a  capnoltor  cha^-ged 
to  a  large  negative  potent i.O.,  Tlie  cixmhar  hao  to  t  rlu  off  a  forivard 
voltage  of  about  41  k’f  at  full  po-.ver.  The  vrj.ve  uacl  Js  an  Ignltron  typo 
BK  176,  and  it  in  fired  by  dlaclxarglng  a  capacitor  charged  to  1  kV  into  tbo 
ignitor  oirct.xit  by  means  of  a  cold-or.tl'.ode  tlyratrou. 

5«  Trigger  uyg 

It  will  be  apparent  that  the  triggering  of  the  variona  valves  In  this 
niodulator  rs^jot  be  Ovircfully  conti-ollcd  iti  orlor  to  cnsuiei  that  lijo  x-equii-cd 
intcival  betv.ocn  charging  periods  ‘.a  tr.aintaincd,  tint  ttie  pulse  occurs  at 
tlie  optirnxia  instant  v/ith.i:i  the  intcr/al  and  tKat  all  valves  are  given, 
an^ile  time  for  recovery.  A  scliciTvxtic  dLagra.i  of  tho  arrangenents  is  glvon 
in  Pig.  9. 

T!ic  firin^g  sign.als  for  the  5  alurglng  tV./i'atix.,i3  are  derived  from  a 
voltage  tronafoiTier  on  tl.o  iiicoming  b.i;^  voltage  supply,  Tlio  3“pkaBO 
output  from  the  tivincf oi'mer  drives  rtgenerativo  pc,''lcing  tr.Tncforrrcrs  which 
produce  pul-oca  variable  Ln  phase  over  a  ninu-ium  ra.ngo  of  110°,  These  are 
fed  to  the  grids  of  tho:  charging  thgTa-trons  via  etep-UT>  pulse  tran.sforocra 
having  high  voltage  inaulation  bet.vccn  prinniy  and  'Secondary,  TliC  square— 
T-Tive  gat(;  for  t'ne  10  kc/s  grid  drive  on  the  return  aiodea  is  derived  from 
the  s.amc  voltage  ti-ansfonner  but  is  fixed  in  phase. 

Tic  firing  signal  foi*  t)ie  disduirging  tlyratiMna  i.'iu.'it  be  lelated  to  tlia 
oesaation  of  charging  current  and  this  event  is  detected  by  saturating 
curr  nt  transfoiTnors.  The  signals  from  tlicsc  ti 'naf orroers  are  fed  into 
vari-.nle  delay  units,  which  give  th.o  dela>’  noccG:’-aiy  to  allo’-v  the  charging 
thyintrons  to  recover,  and  are  then  used  to  lock  separate  trigger  pulso 
generators,  which  fire  t’nc  discharging  th^Taitron  via  insula'  pulse 
iransf  onrers. 

Signals  firm  these  tlrroc  trlgfpcr  pulso  generators  a’-e  else  fed  to  three 
more  variable  delay  units  v.iiicli  in  turn  feed  tlie  tall-birer  trigpier  pulse 
generators. 


Tie  inverse  diodes  are  in  fact  triggered  dlculcs  containing  a  grid  and 
arc  fired  cutotn" tically  whenever  foc^-ard  volt.agc  appears  on  them,  by  means 
of  a  Jiigh  vacuiuti  diode  ccnnccted  betAcen  anode  and  grid.  This  system 
responds  to  both  hif;h  and  low  nt-.*3  of  change  cf  voltage,  ensuring  that  t\v} 
invci*se  diodes  v/ill  function  unvler  all  ccaditions  and  reduoLig  the  cliances 
of  ovc recharging  of  the  pulec-forming  networks. 


Tran-sfonner 


T!';e  pulae  tranuf oi'mor,  of  w'lich  tlo}  main  paramtei'S  are  given  in  Fig. 
10,  steps  up  the  modulator  output  25u1gc  frOT.i  +-'/(,  7  k7,  if,  000  anps  to  — 240k1f 
170  asms.  In  the  drjai'-ji  of  the  unit  major  i-mp-o/tenco  haa  been  attached  to 
the  mccKanical  dcsij^i,  to  the  t’.icrmal  cbnracte ri.st ics,  and  to  the  high 
voltage  insulation,  tivj  leakage  inductance  and  distributed  capacity  being 
regardod  ns  Icsa  i'upert.nt. 
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fl.  Concluslor.a 


T.t  mloht  ba  objected  that  the  modulator,  olthou^  in  x’rinclple, 

is  rather  complex  in  its  re;illsatlcn.  lk>v/evcr,  in  mukinc  coc^ari-son  with 
possible  olteniative  fort'j  of  nctv/ork-type  modulator  for  the  same  purpose 
the  following  poi:it3  should  be  borne  in  nind. 

(»)  The  hij^".  average  jOT.er  output  of  i+OO  kV/  in  relation  to  the 

available  thyratrens  dictated  the  use  of  three  diacharging  valves 
ox>cratiag  in  x>ar.CLlel^  Separate  i)ulae-f orr ing  networks  are 
advisable. 

(b)  Tr.c  high  duty  ratio  of  .ti  in  combination  with  the  non-linear 
load,  dictated  fr.e  use  of  controlled  charging,  tail -biters,  and 
a  pulre-trcinsfoxaiijr  ovcrsw/ln"  diode. 

(i.)  Safety  as  well  as  valve  ratings  dictated  the  use  of  at  least  two 
independent  reverse  diodes  per  i^ulsc-f omiinj  network. 

(d)  Crowbar  provision  is  necessitated  by  the  lo.ng  pulse  Icr.gth  and 
maxinun  stored  energy  of  8CC0  joule.a. 

V/hen  these  factors  ore  taken  into  account,  it  v/iil  be  epp^rcc rated  that 
a  conventional  D.C, -charged  modulator  would  require  oven  i  >re  than  the  23 
highrvoltagc  gas-filled  valves  employed  hero. 

Further,  in  this  modulator,  the  number  of  passive  high  power  components 
has  been  i-cducod  to  an  absolute  minimun.  The  absence  of  a  D.C,  omoothiDg 
circuit  rr.eana  that  the  modulator  will  be  frae  from  the  transient  over¬ 
voltages  which  occur  in  many  D.C, -charged  modulatois,  particularly  on  t.w 
occurrence  of  an  aro-through  in  the  discharging  thyratron. 

It  la  hoped  to  laave  the  modulator  in  operation  within  the  next  3  montha. 
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FIG.  I 

BASIC  CIRCUIT 
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FIG;  3. 

CHARGING  WAVEFORMS 


MCTVOUV  V9LTACC/PCAX  UHt  VOLTACC 


FIG.  4 

NETWORK  VOLTAGE  AND  CHARGING  PERIOD, 
AS  A  FUNCTION  OF  FIRING  ANGLE 
FOR  p  -  1-70 
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FIG.5. 

TRANSFORMER  SECONDARY  CURRENT. 
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Input  Toltage 
Input  current 
Primary  tuma 
yean  power 


14.7  wr 
2,8CC  A. 
38 

400  ksr 


Output  voltage  ?40  WT 

Output  current  170  A. 

Secondary  turns  628 

Duty  ratio  0,01 


Core:-  Material  0.004"  grain-oriented  silicon  steel  strip, 
Cora  circle  diameter  9  inn, 
l^indo*  25  ins.  x  8  ins. 

Nett  cone  area  52.5  aq.  ins. 

Mean  path  94  ins. 

Weight  1,300  lbs. 


Flux  swing  —0.8  to  +0.8  webers  per  sq.  cetre. 


Magnetising  current 
Core  loss 


1.<55 


Primary  copper  loss 
Secondary  copper  loss 


Winding  spacing,  low  voltage  limb  5  ins. 

W Lading  spacing,  high  voltage  limb  i|  ins. 

Leakage  inductance  refeired  to  primary 
Leakage  inductance  referred  to  secondary 
Distributed  capacitance  referred  to  secondary 
Estimated  load  capacitance 


60  /ufl. 

16  4h, 

250  pP. 

250  pF. 


yiQ.  10  FUIiiB  TR/NS?0?;i3a  FARjiJffiTSRS 
(Per  200  Microsecond  Ful^.es  at  50  P.P.S.  ^ 


PERFORMANCK  TESTS  AND  LIFE  DATA  OF  THE  36-MEGAWATT 
MODULATORS  DEVEI.OPED  I'OR  ITiE  ASTRON  1000-MEGAWATT 
ELECTRON  ACCELERATOR 

by 

V*:rnon  L.  Smith 

Lawrence  Radiation  I.,aboraiory ,  University  of  Cali fornia 
Li  VC  rii'.o  re  .  California 


Siinirna  ry 

A  36-in<.'gnwatt  modulator,  utilizing  a  Type  SM‘)A  hydrogen  thyratron 
has  been  developed  to  pulse  magnetic  cores  used  i  a  the  1'300-megawatt  peak- 
power  Astron  linear  electron  accelerator.  The  accelerator  will  be  used  for 
the  injection  of  electrons  into  a  thermonuclear  fusion  exper itnental  device, 
called  the  Astron,  whi<  h  is  novy  under  construction  at  the  Lawrence  Radiation 
Laboratory  ir  Livermore,  California. 

The  type  S9-19A  hydrogen  thyratron  is  run  at  32  kV,  2500  amperes  peak 
current  (5X  rating),  0.4-fj.sec  pulse  length,  and  at  60  pps .  The  system  re¬ 
quires  500  thyratrons  operated  in  parallel  which  results  in  a  peak-power 
output  of  over  15,  000  megawatts. 

Data  will  be  presented  on  the  following  subjects: 

A.  General  description  of  the  accelerator  and  n'.odulator. 

B.  Performance  tests  of  the  36-M\V  modulator. 

1.  Peak  current 

2.  Hold-off  voltage  and  tube  aging  procedure. 

3.  Peak  power. 

4.  Average  p>owcr. 

5.  Trigger  characteristics. 

6.  Prefire  cha- acteristics. 

7.  Outijut  pulse  shape. 

C.  Life  data  of  the  36-MW  modulator  operated  at  28  to  32  kV,  60  pps. 

1.  Switch  tube.  Type  59‘19A,  used  at  2500  amperes  peak. 

2.  PuLse-forming  network  (RG-2l8/u  at  32  kV). 

3.  Load  cables,  RG-2i3/U. 

4.  Connectors. 

Introduction 

A  possible  r^iCthod  to  attain  the  long  -  sought  goal  of  a  contiolled  thermo¬ 
nuclear  reoction  is  to  utilize  high-energy  electrons  to  produce  magnetic 
confinement  and,  simultaneously,  heat  tlie  plasma  by  transfer  of  some  of  the 
electron  energy  to  tlie  plasma  particles. 

The  Astron‘  the- rmonuclea  r  fusion  experimental  device,  (see  Figs.  1  & 
2)  'vhich  is  now  under  construction  at  the  Lawrence  Radiation  Ltiboratory  in 
Livermore,  California,  will  he  u.sed  to  determine  if  these  principle.s  can  be 
utilized  to  make  a  powe r -prod uc  i ng  fusion  reactor,  A  1  000-megawatt,  linear 
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electron  accelerator'"”^  capable  ot  protincing  a  relativistic  beam  of  electron* 
of  high  intensity  and  quality  is  required  to  pei  forin  these  experiments. 

Table  I  lists  the  specifications  for  the  accelerator. 

TABLE  I 


Acc  cle rator  Specificationa 


Electx-on  energy 

5  MeV 

Peak  beam  current 

200  amperes 

Peak  beam  power 

1000  megawatts 

Pulse  length  of  ±0.5%  flat  portion 

0.25  psec 

Repetition  rate,  variable 

Energy  .spread  (during  the  pulse  and/or 

0  to  60  pp.i 

froin  pulse  to  pulse,  and  at  a 
variable  repetition  rate) 

±0.5% 

Beam  diameter 

*4  cm 

Beam  quality 

<  10'^  radian  -  cm 

Dei'elopment  of  Core  Ibilsing 

Requi  r  em  onts 

After  considerable  study  by  the  Physics  Staff  of  the  Lawrence  Radiation 
Laboratory,  it  was  decided  to  build  an  accelerator  utilising  a  basic  induction 
principle,  ■  ^  known  for  many  years,  but  never  before  employed  in  .a  practi¬ 
cal  linear  accelerator.  This  b.tsic  principle  is  to  use  an  accelerating 
induction  electric  field  generated  by  changing  the  magnetic  flux  in  a  ferro¬ 
magnetic  materia).  This  method  is  incffic  ie.nt  v/itl)  Ic-w  bean',  currents  because 
of  the  extr<,!noly  high  exciting  currents  of  known  magnetic  materials.  An 
efficiency  approaching  10%  tnay  be  realized  in  the  Astron  accelerator  when 
operating  at  beam  currents  of  ZOO  amperes.  An  increase  in  the  number  of 
prin>a ry  turns  affects  the  input  impedance,  as  in  a  pulse  transformer,  but 
results  in  a  corresponding  stepdown  of  accelerating  potential.  The  Astron 
accelerator  is  designed^  to  utilize  tape-wound,  toroidal,  doughnut- shaped , 
magnetic  core.s  with  the  electrons  accelerated  through  the  center  of  the  core. 
Figure  3  is  a  diagram  of  the  principle  using  a.xial  syivimctry  in  the  core 
material.  A  one-turr.  primary  is  used  in  or'l<T  to  keep  the  system  voltage  as 
low  as  posoible.  This  results  in  a  onc-to-onc  pulse  transformer  and  a  large 
number  of  cores  (429)  are  needed  in  .scries  to  obtain  the  required  output 
energy. 

The  rlioice  of  magnetic  material  vastly  affects  the  core  modulator  re- 
quir  eii'i  ents  bec.au.se  the  pulse  permeability^  (at  0.4  |iscc)  can  easily  vaiy 
orders  of  magnitude  depending  on  material  coinpos  ition,  thickness  of  lamina¬ 
tion,  and  .annealing  jvicthods.  10  11 

M,my  different  materials  were  tested  ’  a.ad  cptimiz.ation  studies 
were  made  comp.aring  the  coml'ined  costs  of  magnetic  inatcrials  and  pulse 
modulator  systemo.  One--inil,  50%  nickel-iron,  tape-wound  cores  were  found 
to  rcpro.scnt  a  reasonaljle  compromise.  The  final  design  u.ses  two  sizes  of 
cores;  The  electron  gun  .scttio.n  uses  forty-five  18-inch  i.d.  X  33-inch 
o.d.  X  1 /Z- i  iich- thic  k  cores;  the  eight  accelerator  sections  (48  cores  c.ach) 
use  3o4  eight-inch  i.d.  X  24-inch  o.d.  X  1 /Z  -  i  nc  h- 1  hie  k  cores.  5ce  I'ig.  4 
for  a  side  viev/  of  the  complete  accelerator. 

"jl’lie  large  cores  will  be  jn.ilsed  to  16,000  volts  and  tlie  small  one.s  to 
12,000  velt.s.  Under  cjitimuin  conditions  tills  would  yield  an  output  of  5.32 
VieV_  huviver,  beam  lo.ading  efl-'cts  .md  va  t  i  at  ions  ol  I  he  magnet  ic  proper  t  ic  s 
betw/.cn  ceres  (a.s  much  as  ^30%)  will  reduce  the  output. 
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FIQ,  3  INWCTION  ACCELERATOR  PRINCIPLE 


sms  VIEW  OF  ccHPiirrsD  accsleratos 


V  V.v/A' 


The  c: 
wave  pulse 
accelerator 
erator  core 
current)  is 
can  deliver 
mately  4  to 
The  c 
Table  IL 


lectron.  injection,  requirements  of  the  Astron  dictate  that  a  square- 
voltage  be  developed  across  the  secondary  plates  ^  of  the 
.  The  waveforms  of  Fig.  5  show  test  results  for  gun  and  accel- 
s.  T)»e  apparent  core  input  impedance  (primary  voltage /input 
shown  in  Fig.  6.  These  data  reveal  the  need  for  a  modulator  that 
a  constant  voltage  across  a  load  impedance  that  varies  approxi- 
1  during  a  0.4-psec  pulse. 

ore  pulsing  r eqtiiremcnts  for  each  type  of  core  are  suromar ized  in 


TABLE  n 

Typical  Core  Pulsing  Requirements  For  a  Single  Core _ 

^  ~  Acc  clerator 

Item  Cun  Core  _ 

Core 


1. 

Peak  primary  voltage  * 

16,000  volts 

1  2,000  volts 

2. 

Peak  input  current  * 

4,500  amp 

1  ,800  amp 

3, 

Peak  power  input  * 

72  MW 

21.6  MW 

4. 

Maximuiii  input  impedance 

12.5  olrm 

17.5  ohm 

5 . 

Mininium  input  impedance 

2.9  ohm 

6.0  ohm 

6. 

Primary  voltage  rise  tirne 

40  nsec 

4  0  nsec 

7. 

Secondary  voltage  rise  time 

40  nsec 

4  0  nsec 

8. 

Primary  voltage  fall  tirrie 

60  nsec 

60  nsec 

9. 

Secondary  voltage  fall  time 

60  nsec 

60  nsec 

10. 

Pulse  duration  over  ±0.50%  portion 

0.25  psec 

0.25  psec 

Measured  at  the  end  of  the  0.25- 

-]iser  flat  region  of 

puls  e 

Description  of  Ove 

rail  System 

PiscMssion  '-f  System  Requirements 

A  detailed  review  of  core  pulsing  requirements  reveals  the  need  for  a 
pulsing  system  capable  of  a  peak  power  input  of  approxiinately  13,5.10  mega- 
watt.s  to  l!:e  cores.  Tl'.e  system  chosen  einploys  5  19  line*type  thyratron 
circuits,  each  one  capable  of  36  megawatts  peak  power  with  a  cornhined  peak 
pov/er  output  of  about  18.600  megawatts.  There  are  unavoidable  mismatches 
that  result  in  losses  which  account  for  a  peak  power  capability  in  excess  of 
the  core  requirements.  The  system  current  rate  of  rise  is  approximately 
1.000,000  amperca  in  40  nsec  or  23  X  10®  amp/|i.sec  at  a  maxinium  repetition 
rate  o f  60  pps. 

Tlie  timing  of  the  3  19  thyratrons  has  to  be  held  very  precise  because 
variation.s  of  anode  delay  will  reduce  available  pulse  width. 

The  Project  schedule  and  budgel.ary  considerations  did  not  allow  an 
extended  research  and  d  evelopment  investigation.  Therefore,  the  aystemwaa 
designed  with  existing  commercial  products. 

A  basic  modulator  channel,  utilizing  a  Type  5949A  hydrogen  thyratron  at 
five  time.s  rated  peak  current,  was  developed.  The  major  problem  has 
centered  around  tlie  construction  and  operation  of  ■'  system  of  over  500 
thyrations  in  paralh  I  with  stringent  reliability  and  timing  considerations. 

A  summary  of  test  results  and  comments  about  various  thyratron  tubes 
is  given  in  Table  III,  This  work  concluded  with  the  choice  of  the  Type  3949A 
tube. 
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PRIMARY  voltage 
7900V/cm  . 


PRIMARY  CURRENT 
900  A/cm 


PRIMARY  voltage 
SCOPE  P  ASED 
790V/cm 


PRIMARY  VOLTAGE 
724  0  V/cm 


j 


PRIMARY  CURRENT 
2700  A/cm 


PRIMARY  VOLTAGE 
SCOPE  biased 
7  ?4  V/cm 


FIG.  5  COHFEHSATED  WAVEFORMS:  SWEEP  SPEED  100  NSSC/CM 
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The  voltage  droop  at  the  core  (load  impedance)  due  to  the  mismatch 
between  the  coaxial  transmission  line  characteristic  impedance  and  the  core 
is  eliminated  by  a  pulse  shaper  located  in  the  output  circuit  of  the  modulator. 
However,  the  flatness  was  obtained  with  a  sacrifice  in  efficiency.  The 
pulse  shaper  can  be  adjusted  to  produce  an  approximate  ramp  voltage  to  be 
transmitted  to  the  core  (see  block  diagram.  Fig.  7).  Secondary  voltages 
from  the  cores  have  been  observed  with  a  ripple  less  than  il/4%  wlien  the 
pulse  shaper  is  properly  adjusted. 

The  output  pulse  is  positive  and  is  taken  from  the  cathode  of  the 
thyratron.  A  positive  pulse  inrproves  the  life  of  the  RG-Z13/U  transm'ssion 
lines  to  the  cores  by  at  least  an  order  of  magnitude  greater  than  when  .i 
negative  pulse  is  used.  The  peak  pulse  voltage  on  the  outjxit  cables  can  be 
18  kV  under  maximum  output  conditions  and  pulse  shaper  adjustment.  The 
cable  can  withstand  many  times  (lOO  kV  or  more)  this  voltage  under  dc  or 
long  rise  time  pulse  conditions.  However,  ui.der  fast  pulse  conditions, 
corona  bursts  occur  during  the  rise  and  fall  of  voltage  and  holes  are  bored 
through  from  the  braid  to  the  inner  conductor- 

The  minimum  electrical  'ength  of  the  transmission  lines  to  the  cores 
is  set  at  one-half  the  pulse  wid.h  (130  feet)  in  order  to  prevent  reflections 
from  arri'ung  back  during  the  pulse.  The  maxirviujn  length  is  limited  by 
cable  attenuation  and  will  not  exceed  ZOO  feet.  Tlie  final  design  utilizes  170- 
ft  lengths.  The  puls  e -form  ing  network  consists  of  three  260-ft  reels  of 
RG-218/L’  and  one  130-ft  length  of  RG-218/U  to  an  isolating  resistor  which 
is  connected  to  th  :  high-voltage  charging  power  supply. 

The  gun  core,  at  an  output  of  1  6  kV,  requires  three  times  the  peak 
power  of  the  accelerator  core.  Three  modulators  in  parallel  will  be  used  to 
power  the  gun  core  instead  of  using  a  dillerent  design  modulator. 

Detailed  Description  of  System  Under  Construction 

A  simplified  block  diagram  of  the  modulator  system  is  shown  in  Fig.  7. 

The  FFN's  consist  of  three  260-foot  anc;  one  130-foot  reels  of  RG- 
218/u  (see  Figs.  8  and  9)  per  modulator  channel.  There  will  be  over  2000 
ree's  in  the  final  system  and  Fig.  10  show  s  nearly  half  of  the  final  installa¬ 
tion. 

The  PFN'a  arc  charged  by  a  pulse  cliarging  system  of  four  12S-kW 
power  supplies.  They  arc  charged  up  in  approximately  2  milliseconds  and 
discharged  abcut  1  m  illisec ond  later  (see  Fig.  2  1).  A  de-Q'ing  circuit. 
plus  hard-tubo  regulation,  is  used  to  obtain  the  ±l/4%  regulation  needed. 

The  pov/cr  supplies  are  still  under  construction,  and,  therefore,  are  not 
reported  on  i.n  detail. 

Each  switch,  the  Type  5949A  lliyratron,  is  mounted  in  a  low-induct¬ 
ance  cast  aluminuin  housing  (see  Fig.  12).  The  housing  is  incorporated  in 
a  chassis  (see  Fig.  1  3)  which  includes  an  adjustable  trigger  delay  (short 
sections  of  RG-58A/U  switched  in  or  out),  grid  and  cathode  isolation,  and  a 
cathode  monitor.  A  complete  schematic  of  the  sw'itch  chassis  is  shown  in 
Fig.  14.  The  switch  chassis  is  plugged  in  or  out  of  a  back  panel  (see  Figs. 

1 S  a  nd  16). 

The  sv/itcb  chassis  is  mounted  on  sliders  in  racks  and  plugs  into  a 
back  panel  (sec  f'ig.l?).  The  PFN  cables  (RG-218/U)  and  load  cables 
(RG-213/U)  are  permanently  mounted  in  the  connectors  on  the  back  panel. 

Tlie  switch  chassis  and  pulse  shapers  are  mounted  in  racks.  Figures  18  and 
19  show  40''/<i  completion  of  this  layout. 

Several  varieties  of  co-axial  connectors  were  designed  to  use  with 
RC  -213/U  at  high  pulse  voltages.  The  allowable  spacings  created  a  corona 
problem  wliich  was  solved  by  using  corona -resistant  isoinica  (silicone 


Top  view  nl  50%  PFN  i 


rig. 


SCHEMATIC  OF  SWITCH  CJIASSIS 
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FIG.  16'  BACK  PANEL 
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19  Rack  instillation,  407»complcic. 


bonded  mica)  shields.  RG-Zl^A?  cahle  (ails  s^ery  rapidly  when  subjected  to 
corona  bombardment.  This  technique  eliminates  the  use  of  oil  and  allowed 
use  of  a  small,  inexpensive  connector  (see  Figs-  20,  21,  22,  and  23), 


Performance  Tests  of  The  36-M.W  Modulator 

The  modulator  specifications  operating  into  a  matched  load  are  shown 
in  Table  IV.  Waveforms  under  these  conditions  are  shown  in  Fig.  24. 

Peak  Current 

Tlie  peak  current  under  matched  coi'jditions  =  50/7  ohm)  is  2240 
amoeres.  In  the  system  the  pulse  shaper  is  added  in  parallel  with  a  Zj^  of 
50/6  ohm.  The  current  waveform,  with  the  pulse  shaper  adjusted  for  a 
typ  ical  core,  is  shown  in  Fig.  25.  The  peak  current  through  the  thyratron 
is  approximately  2830  amperes.  This  maximum  is  reached  after  O.l  jisec 
and  decreases  to  about  2200  amperes  at  the  end  of  the  pulse.  The  modulator 
performs  satisfactorily  in  either  case.  No  attempt  was  niade  to  determine 
the  maximam  possible  current  pulse,  however,  it  is  possible  to  affect  the 
current  rate  of  rise  by  setting  the  reservoir  too  low.  Waveforms  of  such 
conditions  are  shown  in  Fig.  26.  • 


TABJ..E  IV 


Peak  power 
Output  voltage 
Output  current 
Average  power 
Load  iinpedanctf 
Average  anode  current 
P.MS  anode  current 
Pulse  length  (flat  region) 

Pvise  time  (lO  -  90%) 

Fall  time  (10  -  90%) 

Pulse  repetition  rate 
Time  Jitter 

Pul Sv. -to -pulse  atn pi  itude  jitter 
Pulse  ripple 


36  MW 
8  to  16  kV 
1120  to  2240  amp 
680  watts 
50/7  ohms  *2% 
0.054  amp 
1 1  amp 
0.3  psec 
50  nsec 
50  nsec 

0  -  60  pps 

±5  nsec 
iO.25% 
iO.25% 


ITold-Off  Voltage  and  Tube  Aging  Procedure 

The  anode  voltage  rises  i.n  about  2  msec  and  the  thyrat»-on:  are  fired 
about  1  msec  after  the  peak  voltage  is  reached.  The  modulatoi  .has  worked 
well  up  to  32  kV  under  such  conditions.  In  order  to  obtain  such  performance 
on  25-kV  rated  tubes,  we  have  preaged  the  tubes.  The  agiiig  process  is  a 
run-in  time  of  12  hours  at  32  kV  in  a  circuit  with  matched  load  conditions 
and  at  60  pps.  The  anode  voltage  rises  in  2  msec,  however,  it  stays  up 
about  10  msec  before  the  tube  is  fired. 

Tiie  optimuin  reservoir  setting  is  determined  during  this  aging  proc¬ 
ess.  In  a  Idition,  cathode  arcs  to  ground  and  prefires  are  monitored  during 
the  run.  The  prefiies  arc  of  most  concern  in  this  system,  because  no 
attempt  has  been  made  to  isolate  PFN's  other  than  by  a  750-ohtn  resistor  at 
the  power  supply  to  each  PFN.  This  means  about  125  PFN's  are  tied  to¬ 
gether  and  one  early  prefire  could  reduce  the  voltage  on  all  the  others. 
Ultimately  it  may  be  necessary  to  isolate  each  PFN,  however,  this  v/ill  be 
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FIG.  26  WAVEF0fu-;3  OF  CORE  OUTPUT  SHOVING 
EFFECTS  OF  LOW  RESERVOIR  SETTINGS 

Sweep  speed  -  100  nscc/cao 

Vertical  sensitivity  -  7,000  volts/cm 


Peak  Power* 


The  maxitnuin  peak  power  is  approximately  36  MW  and  operation  at 
60  pps  under  such  conditions  was  satisfactory.  We  have  not  attempted  to 
make  higher  peak-power  runs. 

■Average  Power 

Twelve  test  modulators  have  been  run  at  an  average  power  of  680  watts 
each,  with  a  combined  running  tinic  of  over  20,000  unit  hours- 

T rigger  Characteristics 

We  have  experienced  low  jitter  of  the  order  of  ±2  nsec  when  using  a 
sufficiently  high  voltage  trigger.  However,  the  tube  shows  variations  of 
anode  delay  of  up  to  ±50  nsec  over  an  operating  time  of  700  heurs  at  60  pps 
(see  Fig.  27)  and  about  ±20  nsec  over  .short  runs  of  2  to  5  hours  when  anode 
voltage  and  repetition  rate  are  varied.  The  anode  delay  drift  has  been  negli¬ 
gible  (±5  nsec)  on  short  runs  (2  to  5  hours)  when  anode  voltage  and  repetition 
rate  were  constant.  Variations  occur  .slowly  and  can  be  taken  care  of 
manually  Viy  adjusting  the  delay  in  each  switch  chassis.  The  causes  of  these 
changes  have  not  been  determined- 

The  variation  of  anode  delay  vs  trigger  voltage  of  four  tubes  is  shown 
in  Fig.  28,  A  SO-ohm  source  trigger  is  used.  It  should  be  noted  that  the 
differential  in  delay  is  nearly  a  constant  above  500  volts,  the  spread  in  anode 
delay  is  about  ±70  nsec,  and  the  variation  in  delay  above  1500  volts  ia  lea* 
than  3  nsec  per  100  volts.  A  trigger  voltage  of  1500  to  1700  volts  is  used  to 
minimize  any  e'^fects  from  changes  in  trigger  voltage, 

Variations  in  anode  delay  are  compensated  by  changes  in  trigger  delay 
within  each  switch  chassis.  This  method  eliminates  costly  electronic  delays 
and  each  chassis  can  be  monitored  and  adjusted  properly.  However,  the 
greater  the  variation  of  anode  delay,  the  more  delay  required  inside  each 
switch  chassis.  Therefore,  the  anode  delay  (after  the  aging  cycle  of  each 
tube)  was  measured  in  order  to  select  tubes.  The  results  of  222  tubes  are 
shown  in  Fig.  29.  All  the  tubes  are  from  the  same  production  run  of  one 
manufacturer.  An  initial  variation  of  ±30  nsec  can  be  achieved  by  using  Z/i 
of  the  run. 

Prefire  Characteristics 

The  anode  voltage  operation  allows  approximately  2  msec  for  a  prefire 
to  occur.  A  prefire  is  defined  as  a  premature  firing  of  a  tube  prior  to  the 
arrival  of  the  trigger  pulse.  This  phenomenon  is  not  important  in  many 
applications  because  the  rate  i',  so  low.  However,  in  a  system  witli  many 
thyratrons  in  parallel  and  not  completely  isolated,  a  high  prefire  rate  would 
make  the  system  inoperable.  In  this  system,  because  of  protection  devices, 
a  single  prefire  will  rcduc;  the  beam  output  consideiably  and  require 
readjustment.  Under  such  conditions  a  reasonable  prefire  rate  should  be 
under  five  per  hour.  Tests  have  been  made  that  show  an  average  prefire 
rate  of  about  one  per  2  hours  at  the  end  of  a  12-hour  period  (nee  Fig.  30), 
Subsequent  testing  .shows  a  further  reduction  of  the  prefire  rate  until  the  tube 
nears  the  end  of  life.  V/ e  attempted  to  correlate  these  data  with  reservoir 
range  (sec  Fig.  31),  hov'cver,  no  direct  conclusions  were  made. 

Therefore,  the  system  prefire  rate  could  run  as  high  as  250Ao  •or, 
which  i.s  intolerable.  This  problem  is  obviously  being  given  considerable 
study.  It  may  be  necessary  to  isolate  each  PFN  and  thyratroii  from  the  high- 
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voltage  power  supply  charging  system  and  also  isolate  trigger  inputs  so  that 
ranilon.  prelires  can  be  tolerated.  Under  conditions  of  proper  isolation,  a 
random  prefire  would  reduce  the  beam  output  by  only  0.?.%  and  only  occur 
about  once  per  1,000  pulses  at  60  pps. 

Out'put  Pulse  C bar acter i stic a 

Rise  times  of  50  nsec  (10  to  9*^%)  have  been  realized  into  a  load  imped¬ 
ance  consisting  of  seven  RG-?.  13/U  cables  (7.14  ohms).  The  waveforms 
(see  Fig.  34)  of  primary  voltage  and  current  into  the  cores  show  the  low 
ripple  attainable  with  the  system  v/hen^t he  pulse  shapers  are  properly 
adjusted.  The  secondary  core  voltages  are  almost  identical  because  of  the 
excellent  coupling. 

Life  Data  of  the  36 -MW  Modulator  Operated  at  Z8  to  3Z  kV,  60  pps 

Switch  3\'be,  Type  5949A.  Used  cl  3500-Ampcre  Peak 

A  single  tube  was  run  constantly  at  3K  kV  for  over  6000  hours.  The 
tube  apparently  failed  to  hold  voltage  and  w.is  removed  from  the  test  setup. 

It  was  later  rc-tested  and  seemed  satisfactory.  Tl.is  tube  has  been  returned 
to  the  mariufacttire r  for  examination.  Tliesc  data  seemed  c(uite  encouraging 
and  the  design  continued  around  the  Type  59I9A. 

The  following  test  data  are  not  quite  .as  encouraging,  but  still  show 
reasonable  life  conridering  the  low  cost  of  the  tube.  It  is  anticipated  that 
a  special  tube  may  be  designed  specifically  fur  this  application. 


No.  Tubes 

Hours  of  l.ife 

Totcil  1  ubii  Hours 

1 

1180 

2360 

3 

810 

2430 

2 

710 

1420 

1 

570 

570 

1 

370 

370 

9 

7150 

The  average  life  is  about  800  hours.  It  is  obvious  from  the  above  that 
it  will  be  necessary  to  replace  tubes  on  a  maintenance  schedule  of  600  hours 
in  order  to  obtain  reasonable  reliability  for  the  operating  system. 

Pulse  Forming  Network  (RC-3  18/U  at  33  kV) 

Twelve  pieces  of  RG-318/lJ  (nine  Z60  feel  lorig  and  three  130  feet  long) 
were  run  a  total  of  3Z0O  hours  at  3Z  kV ,  60  pps.  Three  of  the  surviving 
pieces  ran  an  additional  3300  hours  before  all  had  failed.  Tliis  added  to  a 
total  of  34,070  unit  operating  hours  with  three  failures,  or  a  MTBF  of 
ll,Z90  hours.  The  wearout  .appears  to  Ije  about  6500  hours.  This  life  seems 
reasonable  for  an  experimental  system  of  this  nature. 

Ljad  Cables.  RG-213/U 

Thirteen  2- foot  sections  of  2  1  3/U  wore  tested  at  30-kV  pulses  (two 
I  limes  actual  expected  volt.ige  in  service)  and  nine  failuius  w'ere  experienced 

in  32,000  unit  operating  hours  for  an  average  MTBl'  of  about  3600  hours. 
IniHvidual  I  7  0- foot  -  long  sections  liavt  been  testtd  to  5650  houi  s  at  16  kV, 

60  pp3. 
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Connector* 


Nine  sets  of  RG-213/u  load  cable  connectors  {Figs.  21  and  23)  have 
been  run  a  total  of  20.800  unit  operating  hours  with  six  failures,  giving  an 
MTBF  in  excess  of  3400  hours.  Measures  were  taken  to  eliminate  early 
connector  failures  caused  by: 

(a)  Poor  connections  of  inner  conductor  p;ns. 

(b)  Nicking  of  polyethylene. 

(c)  Poor  mica  eleeves. 


Concrusiona 


A  compact,  low  cost,  36> -m egawatt  modulator  can  be  built  utilizing  a 
Type  5949A  hydrogen  thyrntron  for  short  pulses  at  fis  e  times  rated  peak 
current  and  attain  the  following; 

(a)  800-hour  tube  life. 

(b)  L>ow  anode  delay  drift  of  *5  nsec  at  constant  operating  parameters. 

(c)  I>ow  anode  delay  drift  of  iZO  nsec  ever  a  wide  range  of  anode 
voltage  and  repetition  rates. 

(d)  Long  tei:m  (up  to  SOO  hours)  anode  delay  drift  of  ±50  nsec. 

(e)  Rise  time  of  50  nsec  with  low  ripple  in  a  7-ohm  circuit  giving  a 
current  rate  of  rise  of  50,000  amp/psec. 

(f)  Positive  output  pulse  witliout  significant  deterioration  of  the  rise 
time. 

(g)  Prefire  rates  as  low  as  one  per  -100,000  pulses. 
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ANALYSIS  CF  KODUI-ATOR  DESIGN  PROBLEl^S  BY  SH-IULATIOH 


by 

Robert  A.  Hill 
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Tlir ousb  use  of  equivalent  circuits  for-  the  components, 
the  rrodel  of  a  modulator  circuit  can  be  described  by  a  set  of 
differential  equations.  Equation  coefficients  are  determined 
by  circuit  elements.  Solution  of  tliese  equations  on  an  analog 
computer  yields  familiar  graphical  Information.  The  analog 
rodel  obtained  in  this  manner  inherently  yields  freedom  of 
experimentation  and  observations  without  restrictions  Imposed 
by  physical  circuits. 

Illustrative  examples  of  this  approach  can  be  taken  from 
design  problems  typically  encountered  with  the  line  type 
r«odulator.  The  ai’ca  of  interest  in  this  report  will  be 
limited  to  the  four  basic  components  in  the  pulse  loops  shovm 
in  Figure  1.  These  components  are  treated  as  an  integral 
group  to  determine  the  transient  response  of  the  entire  system 
In  producing  the  output  pulse.  Before  proceeding  with 
computation  of  the  complete  systc-m,  it  Is  necessary  to 
determine  component  equivalents  and  the  influence  of  each  on 
over-all  response  charactei’lstlcs . 

(a)  Pulse  Forming  Network 

The  simulated  netwox'k  Is  eq\ilvalent  to  a  four 
sectl'jn  Type  E  v/lth  equal  capacitance  per  section  as 
fiho\in  in  FlC'ire  2.  A  four  section  netv;ork  was 
selected  as  a  compromise  between  minimum  m-ath-ematlcal 
computations  and  obtaining  front  end  element  values 
nearly  equal  to  a  netv/ork  having  a  greater  numbei*  of 
sections.  This  amourits  to  removing  all  but  tlie  first 
four  sections  of  any  netv/ork  to  study  pulse  front 
edge  response.  The  pulse  length  obtained  Is 
sufficient  to  observe  leading  edge  transient  behavior 
of  the  transformer  and  provide  decay  time  for 
anticipated  overshoot  and  transient  ringing. 

Starting  point  for  the  netv/ork  design  was  that 
given  In  Chapter  6  of  Vol.  5  (Rad.  Lab.  Series), 
tjlng  values  given  foi*  the  5  section  network,  the 
pulse  shape  v/as  In  agreement  with  Figure  6-27.  The 
third  section  v/as  then  rc;r.Qvcd  to  obtain  the  de3lj’'ed 
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iOur  eect'or.ii.  As  Inductance  was  a  '  lusted  fcr 
niiiiiirirm  ripple,  the  netv;ork  bc-ctune  .  ^av  concltive , 

Thl;j  dejlj^in  \>’a3  abandonea  in  favor  .1'  the  ’eclgn 
given  111  Evans  Signal  Lab  Report  T-.:3.  Ir.it i3l?.y 
this  network  had  appio.clma^'.cly  5^^  c  Pl'lo*  hov/ever,  It 
could  he  adjusted  for  mlnlmuiri  ripple  wit. 10  it  increa.3lng 
load  f.;ensj.t5.vlty ,  Ripple  v/as  reduced  Yf»  \'loh 

very  good  rtabllitj.  V'aveforin  of  the  networK  '.s 
shown  .tn  Flg'jre  3» 

Load  oensitlvj ty  i.as  found  to  be  tlie  naj  r 
problem  in  netv.o’.'k  ce.?J.gii,  This  is  the  ablll  '■  jf 
a  puJae  forr.ilng  netv/ork  to  nainta.in  its  puls'  s' apo 
v;herj  the  lu.ad  Irrp.ecance  Is  changed.  In  actual 
prT.ct.lce>  a  ret’.'crk  Is  urually  adjusted  for  des?rea 
I’ipcle  tolerance  with  a  matched  resistive  load  duri  ig 
manufaf tur e,  but  is  operated  In  service  with  a 
sllrhtly  mismstched  traanf or.nei,'  load.  Tnis  sequence 
was  carr.led  cut  !n  tno  siraulation  progratn  to  exaralne 
va  -ious  notuox'k  designs  and  ::  anuf acturlng  techniques , 

The  general  cr-iverlun  for-  both  lev/  ripple  and 
..tabilJty  of  pulse  shape  appeared  to  bo  synmetry  of 
ir,te”nal  loop  currents.  It  can  be  seen  In  Figure  3 
that  al?v.  loop  currents  a"a  sy.v.iotrloal  about  an 
SLxls  ty.-rou.rh  the  time  center  of  the  yAjise,  A  constant 
Impedaroe  of  the  nctv,ork  is  maintained  in  the  analog 
model  to  dctei'n-lne  true  system  droop.  Actual 
networks  v/oul-l  requiie  coinpenuatlon  for  transformer 
droop. 

(b)  Load 

Upon  exonlnlng  the  discharge  loops  of  the  modulator 
circuit,  it  can  be  seen  th.at  the  only  major  dissipative 
element  Is  the  load.  Since  othex’  components  are  mainly 
composed  of  reactive  elements,  all  enei-gy  dloslpal  ion 
and  cli’cuit  dx.mplng  will  c.'usc.nt ially  be  accomplished 
by  the  load.  Most  useful  loads  <ire  non-linear  and 
will  depart  radically  from  the  Ideal  char actor.lstlca 
of  pure  resistance.  To  accurately  compute  pulse  rise 
time,  overshoot,  rlj.'ple,  baekswing,  etc.,  the  dyno^Tilc 
impedance,  rcp'resented  by  the  equivalent  load  circuit 
is  used.  In  the  analog  model,  this  can  be  Qchlc''ed 
by  non-llpcar  function  generators  or  series-parallel 
combinations  of  resistors  and  bla-ced  Ideal  diodes. 

(c)  Tiiyratron 

lIon-1  Jneaiitles  of  a  thyratron  I'rccludc  exact 
.simulation  of  all  Its  characteristics,  rortunately, 
the  thyratron  acts  as  a  low  ijr.pedance,  unidirectional 


switch,  and  therefore  lends  Itself  to  considerable 
simplification.  Generally,  for  large  modulators  tbe 
internal  Inductance  and  plate  voltage  drop  are  taken 
into  account.  The  resistance  may  be  assumed  constant 
during  the  pulse;  however  it  must  be  considered 
variable  di>j?lng  the  backswlng  period  In  the  absence 
of  active  transformer  clippers. 

(<!)  Pulse  TransPoimier 

Over-all  performance  of  the  line  type  modulator 
depends  largely  upon  pulse  transformer  characteristics. 
Output  pulse  shape,  component  opei*atlng  levels,  and 
energy  transfer  are  all  inter-related  with  transforster 
parameters.  This  complex  function  results  mainly  ' 
from  imperfections  in  the  electrical  characteristics 
introduced  by  its  physical  properties  and  dimensions. 
The  imperfections  are  for  the  most  part  stray 
reactances  and  losses.  Tliese  are  usually  distributed 
throughout  various  voltage  levels  of  a  transformer 
and  the  position  of  any  Increment  will  detenn'jie  Its 
effectiveness.  To  develop  a  complete  equivalent 
circuit  for  this  is  all  but  Imixjsslble. 

Most  of  fne  pulse  transformer  effects,  but 
certainly  not  all,  can  be  described  by  elements  In  the 
elementary  equivalent  circuit  shovm  In  Figure  4,  Ilxe 
elemencs  Include  effective  values  of  stray  capacitance 
jCg).  leakage  Inductance  (Ll),  open  circuit  Inductance 
(Loc)i  cobe  loss  (Re)  and  copper  loss  fRy,).  Figure  5 
shows  the  response  of  such  a  circuit.  For  a  given 
primary  voltage,  output  voltage  and  output  current 
may  be  computed.  Rise  time,  overshoot,  droop,  fall 
time,  and  backswlng  may  be  seen.  It  Is  of  Interest 
to  also  note  magnetizing  current  may  be  plotted.  In 
some  cases,  a  more  elaborate  equivalent  circuit  Is 
required. 

TYPICAL  PRQ3LSLS 

Having  developed  a  model  of  the  circuit  with  approiJrlate 
element  values  (Figure  6),  special  problem  areas  may  be 
simulated  for  investigation. 

A  con-uTorly  encountered  problem  of  line  type  modulators 
v/lth  a  magnetron  load  is  that  of  double  tracing.  The 
pulse  is  neon  to  alternate  between  tv/o  conditions.  A 
comparison  of  an  observed  v;aveform  from  on  actual  modulator 
and  computed  waveform  is  shown  in  Figure  7.  It  v/as  found 
from  operating  the  modulator  that  this  condition  existed 
within  a  given  range  of  the  operating  voltage.  Computed 
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waveforms  for  this  operatlns  region  Indicated  that  primary 
current  had  large  superimposed  ripple  during  the  decay 
time.  Ripple  peaks  caused  the  thyratron  to  conduct  dxxring 
tho  post  pulse  period.  This  In  turn  changed  the  succeeding 
charging  cycle  In  such  a  way  as  to  cause  the  pulse  shape  to 
vary . 

In  another  example^  the  analog  model  was  used  to 
Investigate  trauaformer  ringing.  Ripple  was  observed  on 
the  secondary  winding  during  the  pulse  plateau.  The 
elementary  equivalent  circuit  of  a  transformer  v/111  not 
produce  high  frequency  ripple,  rather  It  acts  as  a  low  pass 
filter.  The  transformer  equivalent  shown  in  Figure  8  v/aa 
used  to  Investigate  ringing.  V/lth  this  scheme  the  ti’ansformer 
is  reduced  to  a  2:1  step  up  ratio  rather  than  a  1:1.  It 
can  be  seen  that  coupling  is  accomplished  entirely  by  mutual 
inductance  Instead  of  series  loaV:age.  DC  isolation  between 
primary  and  secondary  Is  retained.  This  circuit  lends 
itself  to  the  general  practice  of  transformer  construction 
v/here  half  of  the  secondary  winding  Is  v;ound  on  each  core 
leg.  It  Includes  leakage  inductance  of  each  half  v/lndlng 
to  the  prljnary,  individual  capacitance  of  the  windings  to 
ground,  and  Intrav/lndlng  leakage  inductance  of  the  secondai^, 

A  comparison  of  observed  waveform  and  computed  waveform  for 
an  actual  traiisformier  is  given  in  Plg\ire  9.  (NOTE:  Trans¬ 
former  droop  shov/n  the  oscillograph  v/as  due  in  part  to  the 
pulse  generator  used  during  the  tost.)  Study  work  done  with 
this  equivalent  circuit  has  been  confirmed  by  laboratory 
experiments  vfith  excellent  agreement.  Ringing  has  been  Bhovm 
to  be  a  function  of  Incremental  leakage  Inductance  and  stray 
winding  capacitance.  The  magnitude  of  ringing  produced  by 
the  stray  loops  depend  in  part  upon  excitation  caused  by 
the  input  pulse  rise  time.  Thus,  network  x'lse  time  must  be 
slc'wer  than  resonant  frequencies  of  the  stray  loops  if 
ringing  is  to  be  avoided. 

Most  modern  systems  using  v/avetube  ampllfl  .-rs  I’equlre 
an  extremely  flat  pulse  plateau  with  mlnimuin  rise  time. 
Limitations  Imposed  by  p’nyslcal  considerations  v/lthln  the 
transformer,  network,  and  load  force  a  compromise.  The 
layout  of  components  wlv.hln  a  package  must  also  be  considered. 
Packaging  does  not  necessarily  add  nev/  components  to  the 
equivalent  circuit  of  a  modulator  but  does  alter  element 
values.  Compatibility  of  the  netv/ork,  transformer,  and 
non-linear  load  depends  on  the  proj;ei'  choice  of  element 
values  of  the  components.  As  previously  mentioned,  the  PFN 
must  have  minimum  load  sensitivity.  There  are  several 
potential  soui-ces  vf  v/aveshape  distortion  in  a  pulse 
transformer,  Cnai'acv''ii  lc>v.j.u  j.i>ijycuance,  the 

transformer  v/as  investigated  as  to  its  significance  with  a 
three-halves  pov/er  diode  load.  Except  in  the  case  of  a 
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FIGURE  a 


highly  load  sensitive  network,  characteristic  Impedance 
matching  v/as  found  to  be  of  little  importance.  In  a 
total  of  50  computations  using  various  values  of  Z 
each  one  indicated  a  high  Impedance  of  the  transformer  Is 
desirable.  In  effect,  this  is  reducing  the  total  capacitance 
and  thereby  reducing  surge  current  during  rise  time.  It 
appeared  that  the  best  over-all  compromise  occured  when  the 
transformer  leakage  inductance  equaled  the  nominal  section 
Inductance  and  tbtaJ.  stray  capacitance  of  the  transformer 
and  load  was  less  than  section  capacitance.  With  this 
criterion,  netv/ork  section  values  become  a  function  of 
transformer  parameters  with  the  total  number  of  sections 
determined  by  pulse  length.  Since  equivalent  values  are 
used  in  tne  model  the  same  holds  true  for  parallel  operation 
of  networks . 


Koavy  Milit-ory  Electronics  Department 
Ccrioi-al  Electric  Company,  Syracuse,  IJev  York 


Tne  versatility  of  the  hydrogen  thyratron  as  a  hlcjn  level  energy 
d’sehar^e  device  has  oe-en  flmly  cstoblished  over  the  course  of  many 
years.  Sii.iilarly,  tlie  use  of  the  type  E  pulse  fonaing  network,  oa 
an  eff'eient  energy  storage  and  siiaplng  neons  has  teen  clearly  estab¬ 
lished,  I 

A  so."-e'.;hnt  unusual  application  of  these  two  elen-.ants  was  brought  I 
about  by  n  recent  equipment  requirenent.  A  pulsed  VLF  transialtter  was  , 
rcquirca  t.'nlch  would  be  capable  of  producing  on  output  power  of  one 
megawatt,  an  output  frequency  in  the  one  to  five  kilocycle  region,  and 
an  output  pulse  duration  in  the  10  to  100  nillisecond  region.  Specif¬ 
ically.  the  approach  taken  in  this  development  vns  to  use  a  hydrogen 
tliyrr.bron  inverte.-  as  the  VT.F  generator,  and  a  type  E  pulse  fomlng 
netv.’ork  as  the  pulse  enero'  source  for  the  Inverter.  Vdille  this 
approach  appears  a  direct  one,  Justification  of  sevn-al  of  the  tech¬ 
niques  proposed  was  neccssar;.',  .s .  nee  they  represented  a  great  departure 
from  those  nomally  associated  with  Inverter  technology,  and  since  the 
final  equipment  b.ad  to  occupy  the  minimun  possible  cubic  content. 


One  of  the  first  areas  which  required  review  inis  the  use  of  a 
pulse  fonulng  network  for  th.e  pulse  power  supply  element.  Figure  1 
ohows  t’.ic  alternate  means  considered,  Iho  first  of  these,  the  DC 
rectifier  power  supply  was  elliinasod  on  the  busia  of  its  size  and 
weight.  For  example,  if  the  longest  pulse  duretion  is  considered, 
the  supply  would  require  a  storage  capacitor  of  apjproximately  half  a 
million  Joules  In  order  to  i  i.m’ t  the  100,000  Joxile  output  pulse  to  a 
ten  percent  droop.  Tne  second  course  of  action,  was  the  AC  to  AC 
fly'wlicel  ru.tor  generator  set  In  ';onjunction  with  a  high  voltage  rec¬ 
tifier.  In  addition  to  its  al/.e,  veigiit  and  audible  noise  level  there 
\:ati  o'Ai.e  quesbioii  ub-'.iut  the  ability  of  this  technique  to  provide  a 
nufflclently  flat  pulse  due  to  the  Inherent  r'.qpulabion  of  the  AC  gen¬ 
erator.  Ihe  tliird  pocsioillty,  the  AC  to  DC  fly.iheel  motor  generator 
set  was  elimin.atcd  on  the  b.asis  of  size,  weight,  audible  noise,  commuta-j 
tion  rerv-Tat'.-.J  RF  lioise,  ond  possibly  poor  regulation.  In  addition,  all| 
three  of  these  npprouchos  have  th,c  p.otcntlal  disadvantage  of  delivering 


a  higi  fault  c.irrcnt  into  the  Inverter’  in  the  event  of  a  .aalffmctlor. 


in  Its  ijpcrot'on.  Based  up.on  t.h.n  above  considerations,  a  j.'ulse  forming 
network  systeir.  ’..'an  selected  ns  iiioat  appropriate  for  tala  application. 
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M<;tjro  iltyw*  tri  c, J»j>l  I  fj i.-J  ttm,  fu-jlii  cj i.;r,r;nlB  of  the  ;.uwer 

I'.liiu  foi.i'.fic  n<'LWjrk  rum.if-iooiit.  Hrl'jfJy  dcncrlbcd,  the 
C q'l  1  I,  full'  Liolio  *»•  folltTWo; 

1.  l.'.itti  j">v'>r,  ol  vi.iHt  Lliii'u  j.tiMB'J,  1b  euj'j’llud  to  the 

j  rlrvii/  of  a  foiivt  utl  oio)  v  ;]  tat;''  IIjiijo  j.l.nat-  rectifier 

rlj^ull  bjr  t>’anu  of  a  Liinai-aiit  euireiit  neivorl.. 

2.  Tlio  It,'  dinn;''a  tli"  rkoln  pultu  ro/rnWig  nctvurk  at 

'  jnato/it  IV  il'j''  ti;  t!i'-  octlu/i  of  the  cuntUiiit  AC 

c  vj  •  1  (.tit  Ic  tVlil  A. 

3.  V*1l‘Jll  LIlC  Bil  '.IB  L1,(J  J,u!l,(:  fotwlllB  l.>■tV01•K  rcoclicc 

Its  i.t,<cifl<4  loV«  1,  the  V',1  3<  vi'l  I  'j.'ij  o  1  ii  toi'  i;Ircolt 

tuiii3  oti  Ihi  loy.-l  l  i  )  iMt  vilil'.li  nh  ij  L  cliculta 

lilt-  tv  i-iwi-/  ikiiji'l/  iiiil  (111.  o.itliiiuL  Ui'j  Lhot(;'.."u  of  too 
la  tw.ij  A. 

h .  71'  Iwdi  A  dlanuiri/  Ion,'.  II, i  ,o/^i  tlo.’  c!ioi(;i(i(;  levtl  li'loU' 

Id  j'l  ov<  111*  J  bjr  the  octloj)  of  Lh';  (ll',^lc. 

'j.  At  'll'.’  J'l'-n '  I  ■  It'd  I)''!'.',  t)i(:  ;  i.'.tu  f'lfJll'j;  liytv.oic.  la 
d  i  ii' Ifi  I  r- -1  by  ll.r  liiv'iti.i,  f  ■  1 1 !  oo  1  iij;  wii'eh  t'lu  ohuve 
boqouiiio  of  eyiita  iuiaoI  thi ttmol ves , 

(i.  Ill  tliu  ovcii..  <ji  n  fnulL  In  lh<'  tho  jolfti  fijitilng 

H"t»'oifc  eiit-i.jr  Ib  ntOrioh'd  hy  ii.,  niul  (,l  the  lli.o 
1 1  <  ut  1. 

TM(j  (iiins  > '  o/;  of  n  fB-ito  d'^LalJiJ  tiiulini;iil  oju  tlii  cuoatoiil 

ciitiu(,v  'in I  ('.III,;  tlitall  nii-l  tho  I  'llo'  fuirilni',  ll•tU  lJ■l..  Coiiotaiit  eor- 
iciii  (!.ai(;lii((  wtiB  f'll  tw.j  maifinb,  fliut,  hc-OUBe  It  nllowud 

Dio  uuo  of  r  lilc.li  Vi/lUifii'  U;  I'owioi  ivii'j'l/  huvlli/'  a  I'llatlvi. ly  lod  cur- 
foi.t  intlor,,  (Old  b'.’roid,  Voainniir  tlile  tyj",  of  Don i  lit;  nlioi/i-’J  Dio 
j.iilno  foiialiii'  iiolwiiiA  mjxK.  1 1,01 0  ti>  0('>iote  lit  a  li.,wi;r  offoitlve  viiluo 
of  V’ill«(,o  Uiiilii({  tin,'  loii(i  i.lio  I  (,l  11,;  tlion  wuld  t'.'ulbhlvn  or 

I  0(1  I'iniit  D,Bi(,lii(;,  Ab  n  i(  i,iilt  of  11iu  ui.ciiiil  jioliiL  It  wi>ii  j'-ionlblo 

t'l  tiua  a  «ii;r(rltoi  ro'.td  fii/  ir.oii;  11,1,1,'y  i.toiiit/'  III  *1  (;!  veil  Liitt  ui‘/ig 
tlid/i  W'luld  hayo  bouii  j-ittlblt  olli'iiv) no . 

TliO  I’oiiBtiilil  cwiiont  I  till  I  (;1  iij;  l1|i  olL  luij,)  oy,.  J  In  bIiowii  Jn  figure 
'iIiIb  rill  iill^  liiyunli  il  ty  Ill  j  I  imii,  1  •  1  ij  il,,_.  L.'ilJy  iiiiyc  of  ll  1 1.0  i  L‘ i'lg 

luiii'iilB  laiB  fl'eii  liliillvi.ly  llltlo  uau  III  iLceiit  y’OIB.  It  J  ii  hliown 
DB  111"  l||||l■^.r<  III'  li'tVIlli  III  d  luij  lli'>  L  h»' 1 1 -•  I.V  I  1  n  L  1  e  of  del  J  veil  llg 
roiiutfiiil  iiiiioiil  to  tliw  liAld  iobIijI'ii  II;,  i  I'lyi  i  il  I  •  iiit  of  I  I.B  olimtc  Vnluo 
lloLli  Bliiglu  I'linBo  BIbI  l.iliy  jluiBn  V'linluiiii  u  i  e  nliO'ii  lilo)i(v  Wl  lli  tU'jlr 
0  1  Biii  I  1  f  •  lid  dtblr,ii  1  iio.ioliin.  ll/Tiio  l|  iiliriuii  n  iim  e  di  lull'd  view  of 
thci  I  liM  I /',!  ii,J  ilivotl  Viii-'U  lli'i  tliiiL  |i|;ii/iiy  logo  of  inctlflir  tiuno- 
I'liiii  I  liiiyu  |U|,|u'i.d  1  l|ii  lirfil  iLoliitois  of  tli'j  Jii  vl'iuii  flgiiir,  'llio 
6<uuiidui/  Iij4;b  of  Di*'  liuiiur'iiiB'.'i  eie  IIm  ii  uoIiO'jl  tod  to  u  toiiv  Jiit  loiial 
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MONOCYCLIC  CONSTANT  CURRENT  NETWORKS 


SIMPLIFtED  SCHEMATIC  DIAGRAM  Of  PULSER 


three  phase  i-ectlfler  ’..-hlch  in  turn  charges  the  pulse  fcrming  netvori 
at  a  constant  value  of  DC  current.  The  ratio  of  the  constant  DC  current 
to  the  constant  PJ'IS  line  current  Is  an  almost  direct  function  of  the 
turns  ratio  of  the  rectifier  transformer  and  the  typ>e  of  rectifier  cir¬ 
cuit  employed.  As  noted  previously,  ^.hen  the  charging  voltage  on  the 
pulse  forming  network  has  reached  the  predetermined  value,  relay  contacts 
K0  close  causing  the  U-IOOOA  shunt  tetrode  to  conduct,  thus  diverting 
‘the  cliarging  current  through  that  path.  A  most  Important  part  of 
type  of  charging  circuit  Is  a  spark  gap  across  the  output  of  the  DC 
supply.  In  it's  absence,  should  the  electronic  shunt  circuit  fall  to 
operate,  the  DC  voltage  \/ill  continue  to  rise  until  some  component 
floohover  occurs  or  until  some  magnetic  component  saturates, 

Tlie  design  of  a  pulse  forming  network  capable  of  providing  pulaea 
In  the  one  tenth  megojoule  region  at  long  pulse  durations  involves 
specio],  consldeiatlcn  of  several  mechanical  and  electrical  characteris¬ 
tics  of  the  device.  For  example,  a  100  ohm,  100  millisecond  network 
would  require  500  raicrofarc.ds  of  capacitance  and  5  henrys  network 
Inductance.  These  value.s  can  he  reasonably  obtained  by  using  conven¬ 
tional  capacitor  cans,  and  air  core  colls.  Assuming  the  network  was 
designed  using  upproxlsuitely  twenty  sections,  a  structure  similar  to 
figure  5  could  result.  The  follo\ring  factors  ore  relevcnt  to  ouch 
a  design: 

1.  ~ne  DC  resistance  associated  with  twenty  large  colls  of  one 
quarter  henry  each  may  be  large  compared  to  the  load  resist¬ 
ance.  For  this  reason  the  network  should  be  designed  with 
tapered  characteristic  impedance  to  compensate  for  the  pulse 
droop  which  \.’ould  otherwise  result. 

2.  For  grsateat  case  of  final  adjustment  the  colls  should  be 
adjustable  relative  to  one  another  thus  providing  for  proper 
mutual  coupling  adjustment  in  such  a  tapered  design. 

3.  Once  adjusted  the  colls  should  be  adequately  braced  since 
magnetic  i-orces  of  several  thousand  pounds  between  colls  can 
easily  result  due  to  the  large  numbers  of  turns  involved. 

4.  network  capacitors  should  be  specified  which  reflect  the  p-jak 
current,  voltage  stress  and  duty  cycle  on  a  per  capacitor 
basis.  It  lo  possible  that  a  properly  rated  network  capacitor 
may  be  little  larger  per  unit  volume  than  a  conventional  filter 
capacitor  design. 

5.  Particular  attention  should  he  given  to  the  rating  of  end  of 
the  line  cll]>pcr  tubes  and  re.sistors  since  alnllar  elements 
found  satisfactory  In  shoi-t  pulse  service  may  not  liave  adequate 
emission  and/or  thcicnal  capacity  for  long  pulse  service. 
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A  typical  wave  shape  obtained  from  the  equipment  shown  in  the  pre¬ 
vious  figure  is  sno^m  In  figure  6.  'Riis  wave  ohape  doea  not  represent 
the  best  pulse  too  characteristic  possible  since  portions  of  the  net¬ 
work  were  optimized  for  operation  at  a  different  pulse  duration  and 
hence  some  comprcalse  was  necessary.  It  does  serve  to  Illustrate  hov 
the  tapered  deslipi  elfectively  overcame  what  would  have  been 

a  3'3/^  droop  In  the  prise  had  the  coil  resistance  not  been  properlj 
compensated. 

As  lias  been  mentioned  the  hydrogen  thyratron  is  a  high  level  energy 
discharge  device  and  for  this  reason  It  vras  chosen  to  operate  in  a 
carcillel  Inverter  circuit  to  generate  high  power  VLF  pulses.  However, 
the  hydrogen  thyratron  inverter  Involved  ceveraJ.  unique  design  problems. 

first,  during  switching  the  device  used  in  the  inverter  must 
withstand  Inverse  voltage  of  the  some  ma^jiltude  as  forvord  voltage. 

Also  tum-on  and  turn-off  times  of  the  device  used  must  be  short. 
Specifically,  in  the  design  circuit,  the  ionization  time  to  sc-all  and 
was  ignored  and  the  allowed  time  for  de-ionization  equals  one  tenth  of 
xhe  time  for  one  cycle. 

Second,  the  output  power  of  the  Inverter  must  vary  with  the  DC 
level  of  the  power  supply,  hence,  the  switch  dev'lcc  must  be  capable 
of  firing  at  low  values  of  supply  voltage. 

The  General  Electric  Power  Tube  Department  evaluated  the  GL-7390 
hydrogen  thyratron  for  this  application.  The  test  results  Indicated 
that  the  CL-7390  thyratron  would  withstand  the  e.'cpected  inverse  switch 
potential  of  24,000  volts.  Also  the  grid  would  regain  control  In 
approxlrrately  5  microseconds  by  controlling  grid  bias  and  reservoir 
voltage.  Also  the  de-zlce  would  fire  at  potentials  lower  tlian  1000 
volts,  allowing  the  Inverter  output  level  to  be  varied  the  required 
20  03.  V/lth  the  de-lonization  time  in  the  order  of  5  microseconds 
the  inverter  could  be  operated  at  frequencies  up  to  20  KC  or  approx- 
irately  four  times  the  frequency  of  interest.  Our  breadboard  models 
using  smaller  devices  have  recently  been  operating  at  frequencies  in 
the  order  of  lOQ  KC,  It  would  be  \.ell  to  note  here  that  from  the  tests 
conducted,  thyratrons  seem  to  iiavc  a  different  set  of  characteristics 
for  inverter  use  than  for  .modulator  or  clipper  use.  Hence,  the  writers 
would  like  to  promote  the  publishing  of  such  data  to  better  evaluate 
thyratro.ns  for  Invortei'  applications. 

Figure  7  shows  the  basic  inverter  circuit.  Ihio  circuit  was 
developed  using  a  paper  w'rlttcn  by  C.  F.  V/agner  as  a  guide.  The  grids 
ore  alternately  triggered  by  2  microseconds  pulses  developed  by  3C45 
thyratrono  in  combination  with  2  microsecond  pfn's.  Gated  pulses  to 
the  3C'‘5'o  control  the  start  end  stop  of  the  inverter.  The  2  micro¬ 
second  ,'fn  in  a  resonant  charge  circuit  Is  designed  to  charge  for  the 
highest  desired  output  frequency.  As  the  current  drawn  by  the  inverter 
has  Q  ripple  frequency  of  2  fo  a  series  trap  tuned  to  2  fo  reduces  the 
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FIGURE  6  OUTPUT  WAVEFORM  OF 

PULSE  FORMING  NETWORK 


HEMATIC  OF  HYDROGEN  THYRATRQN  INVERTER 
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FIGURE  9  INVERTER  OUTPUT  WAVEFOP.yi  OF 

THIRTY  FIVE  MILLISECOND  PULSE 
(PFN  ADJUSTMENT  NOT  OPTIMUM) 


I  NVERTER  OUTPUT  WAVESHAPE 


In  euiri/wiry,  tlilB  dcvcloiwrnl  iimp,ran.  tiae  concluslvoly  dyAuiiBlniV4id 
the  cffcctl Vt-iiccs  or  hydrogen  Uiyratroria  ns  VIJ'  jxjwcr  gfinemling  dnaSfes, 
vhon  used  In  pro;-'.- riy  designed  Jnvrrtcr  flrculto.  In  rdfllttcin,  o 
erly  dcelg^i-.d  tyj)';  L  j/ulcc  forming  network  lies  been  shown  to  bo  nn  effoo- 
tlvc  ond  vernntllc  means  of  nuj)*  lying  j/uloe  cn*  i/;y  to  suuU  an  Invortor. 

/wi  openitlng  cyaU-m  e‘nj<luyl«^  tli'oc  conetjiLa  Iw.o  l/Otwi  Jn  t.(y(itlnoouB  o]-* 
erotlOQ  la  tfio  Hold  fur  tho  jiast  oLx  isjnUis, 


IU,T:‘!<'lHC!ir>;  (].)  V'a(yi'*r,  C.  F.  "l*/i i o  1 1<:1  Invf-i  Lor  with  ll(jnlet|yg 

Ti'nn/.ocllonfl  of  tho  />lio j  1  i;n;i  I.K.K.,  I'yjV 

(T;)  Gi'obowiski,  fi.  J.  "iViiiu’yr J  Ic  CuiiSlnnt  I'liiient  fl'j Lw ./j >#" 
Ci;  'I'oc!  It  1  eol  Irifr-miti  on  /le.'li  u  JOjUJ-tllj'*  - 
C'riioi'ol  J-.l<;rlrlc  CL«n<iiiy,  Hyiotuou,  New  Ifujk, 
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tl  In  I'.iitj.vii  lu  IIm!  t]i'nl|:iu't »  uf  lliic  1>|"‘  i.i'l.ir  iii<xliil:ilL)i  ^  Dint,  wliun  tlio 

ul  (Ilf  Itiyi.iliun  nwilcli  (uIk<  In  1 1  lD.  Iilt;li  vull;ii;(.<  upikcs  oocur  m 

till'  t:H<J  U'lMiiiul,  1  heni'  nidl.t.N.  alllKMxk  uf  t-xcri'iJlii);ly  xlioit  dm atiun,  cnn  upjiru.tch 
til'-  j  i  .it.  /iji^ilUd  Ui  iIk'  iiinxlf  (lont  llic  fully  i:li;i i  jiulnc  f..iiinlng  iii'iwoik. 

SS'liiii  tiiL'  litr.U'-'J  In  .i)i|'ll<d  Im  lli«  ijilcj,  lln  |'ul>  uli.il  1  Iulu  dui  ln|;  flit;  (llncli.i rjp*  cur- 
liiit  ilnr'  tihlll  II  « l<ui«ly  ni'jiiuai.liiii  ih<- pr.il,  aiiudi;  vull.»i;<',  iJicitIjy  ipaiciullin;  Uio 
npltc.  An  nuuu  .la  lull  tulxi  uuitcitl  In  cnlald Inlii'J,  tlio  i;tl(J  pulciillal  ictunio  In  tho 
li  I  K'  lK  i.tlm  uulput  volla|;<  <.vnl,  llic  liter. Uuic^  recumiiiiiida  Dial  a  lovv-pMi 
flllt'i  lu  I'l'icfil  In'Iwccii  lliu  uuli'Ut  uf  Uu)  (p'li.'i  .lUd'  mid  llm  lliyr.ilruii  f;r'!d. 

If  nlso  t  ecoiriM  a.h  (.'..it  {]>>•  uiiiuU  uuiMj.unrnln  bu  di;Hi|;iii;<l  lu  svitliauixi  IriatjUl- 
tuiH  uin  vvllaj;*  n  of  ncvet.ii  klluv<;Un  bulwcon  i;i  Id  and  giuuud, 

'I  III-'  piilliui  li!i<  Ih'u.i  clunely  (x^iiuui iiiO  vsllli  tbu  clcvtli/iiiiical  of  a  nwiiilxir  ul 
I IgliUvt  Iglii  |iiiu-ly|Mi  ri\diii  iDwdulitlui ff  iJutliig  tvidcli  lliu  bt’c.iJ'.dowa  ul  grid  olrcull 
r'uiii|iiiii(  hln  iintiiiiiD'd  bmluua  (•lujiuilluna,  tuid  It  bce.itnn  Dcounnniy  tu  InvoaHiiitU)  Uia 
I'l  ulilt  III  fui  iliiii ,  In  (lir  p.ti  (lcu)ai  viu.u  uiiik’i  cuiiulikr.dloii,  ii  2:1  r.tuj)  uj>  tiaiia- 
lui  iiiui  v*ii»  UBed  tu  <  iiifu)  Hio  uu'jiut  ul  iIm'  Ii  l):i;i-r  i;i  'ii’i  alur  lu  llic  jnujicr  level,  Uiua 
inlnlht;  llie  );iid  lIiuuII  iiii|ii  il.mee  uuiioldei  aldy,  Many  f.illiiien  uf  llivo'i  li .inufuniiura 
uceuiiid  d'lu  lu  lili:li  u'ld  npll’.ii  vullngi-n,  'llin  flint  mU'ii  iii  nulvlng  tli'J  |>i'ublcm  wan 
lu  vk'w  lliii  apiKu  and  deU  i  nilnu  iU  eliarai.'li  i  InI  Inn,  It  Nv.an  fuuiid  llial  lliu  f;i  id  npike 
liad  a  vsldlli  ul  a|'|>i uxliii.iUdy  1U  ii.itiiiiiL'euiwIn  at  the  Mi'.v  puliit,  mid  Its  niM|illliido 
Viiil'‘d  liuiM  tuhi'  lu  tuhi’,  Aiiiplliuik'n  landing  nj>  lu  uvut'  V  K,v  have  I'Ct-ii  ubuoi'vorl 
willin'  dm  jii'al.  iiiiu.1'4  Vullago  was  B  Kv. 


'lliuo  vlieultn  ale  nliuwii  In  I'lguio  1  (ul  L;</U|>'iiir.  lliu  tl  l|',|;i'r  giiiui aliir  to  Uio 
I’.y  I  id  I 'vii  gild.  1  ignn.'s  I  (a)  and  1  |l»)  nliuw,  1 1  (.|M'ellv(.'ly,  euiiveiitlun.d  IIC  (liter 
.'.ii'.!  iJ'.uilu  ai  i  n.i  i.;».  Ni  ltliei  n i  i  imii;i  un,  nia  uunid  ivillmuimi  liiu  grid 

Bpll.u  vultiigi'S  unhnn  m  idu  Inipi  uclleally  liiigi’,  nml  with  adeijaalc  Idgh  vultugu  rut- 
fiigri  fui  ihi-  liiuul.itl'in  and  dludi'n,  fiinuu  Hit;  npli.en  li.ivi;  a  width  uf  a|i|M uxlnnituly 
4U  iiaiiuyiu  uiidu  lit  lliu  (ilf'4.  pulnt,  U  nct:ni''id  |ii  aetleal  lu  iit(ciii|)l  lu  deitlgn  a  nuJlablo 
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filler  resonant  at  tl»e  c<i'alvalcnt  frequency  of  12.5  me.  The  filter  would  offer  a  high 
linpcdiinco  to  the  spike,  and  Uius.  attenuate  tlie  hij;h  voltage  sufficiently  to  afford  pro¬ 
tection  to  the  trigger  generator  output  circuit.  At  the  same  time,  this  circuit  v/ould 
also  pass  Uie  trigger  to  the  gnd  with  minimum  attenuation  because  of  its  low  imped¬ 
ance  at  Uie  trigger  generator  frequency.  Tlie  circuit  shown  in.  Figure  1  (c)  was 
developed  and  succcasfullj'  attenuates  the  grid  spikes  in  the  ratio  of  approximately 
8:1.  It  was  found  that  a  220  uh  choke  layer  wound  on  a  specially  insulated  powdered 
lion  coio  with  the  coiniiarativcly  low  Q  of  aixiut  iiO  and  self- resonant  out  of  the  cir¬ 
cuit  at  .1.5  me  was  the  oiitimum  value  for  this  service.  When  the  choke  is  connected 
Into  the  circuit,  however,  the  circuit  self-resonant  frequency  io  about  12.5  me  aa  read 
on  a  grid-dip  meter,  which  Incidentally,  tdfonls  a  simple  mcUiod  of  checking  the  grid 
circuit  parameters.  It  should  be  mentioned  th.'.t  tiiis  piijior  only  covers  one  particular 
case,  but  tliCfc  ajvpcars  to  be  no  reason  why  the  s^jne  principles  should  not  be  suc¬ 
cessfully  ajtjilied  to  protect  any  tiiyratron  grid  circu  t  from  grid  spikes. 

Slldoa 

Slide  -  Figurca  l(a).  1(1’) • 

Slide  /I2  -  Figure  2  Trigger  Pulse,  tub*i  out. 

Slide  #3  -  Figure  3  Trigger  Pulse,  tube  in,  filainent  voltage  applied. 

Slide  #4  -  Fijjurc  4  tirid  Spike,  tube  pulsed. 

Slide  #5  -  Figure  5  Spike  at  choke  Input,  tube  pulsed. 

Aclinowledgcnient  Is  made  of  the  considerable  assistance  rendered  to  the  author 
In  the  preparation  of  much  of  tlie  data  for  Uds  paper  by  D.  P.  Clark,  E.  Kepner,  and 
J,  Wiblc  of  the  York  Division  of  The  UcndLt  Corporation. 
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FIGURE  5  SPIKE  AT  CHOKE  WPlTi; 
TUBE  PULSED 
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A  TWT  FLOATING  DtCK  GRID  PULSLR 
LMrLOYING  PNPN  (SHOCKLLY)  TRANSISTOR  DIOOLS 

by 

Albert  R.  I.una  -  Stephen  F.  Dellit'atti 
Larmac  Llcctronics  Compciny,  Inc. 


Introduct ion 


This  paper  describes  in  one  pulsci*  t>ireo  uses  of  the  PNPN 
(Shockley)  transistor  diode.  'i)iis  device  was  used,  (1)  to 
enhance  the  tricFCf  pelse,  (2)  to  operate  as  the  switch  device 
of  a  line-type  modulator  and,  (3)  to  act  as  a  tail  biter.  The 
pulser  displays  characteristics  ccnparable  to  those  achieve- 
able  with  a  hard  tube  modulator.  This  is  accomplished  in  a 
fraction  of  the  sfiacc  and  weight  that  v/ould  otherwise  be  requir¬ 
ed,  liy  virtue  of  the  completely  solid-state  design,  maximum 
efficiency  and  extreme  rucgcdness  are  obtained. 

Requirements 

The  customer  had  need  for  a  lias  supply  and  a  pulser 

(Fifure  1).  The  only  unusual  feature  of  the  bias  oupplp  was 
that,  because  it  would  be  in  series  with  the  pulser,  its  dynamic 
impcduricc  must  be  so  low  as  to  not  adversely  affect  the  pulse 
c  ha  rac  tcristics. 

Tlic  pulsfir  rcqii  irnments  x'efcrcnccd  to  the  bias  voltage 

wore: 

Peak  Voltage;  700  volts  positive 

Peak  Current;  yOO  mil liampcrcs  maximum 

Duly  Cycle;  0,01  maximum 

Pulse  Width;  13,1  microseconds 

Rise  and  Fall  Times;  0.2  microseconds  maximum 

Droop  plus  Ripple;  0,1  percent  maximum  peak  to  peak 

Since  tile  catliodc  was  to  be  fixed  at  -30,0b0  volts  dc, 
these  units  were  to  operate  as  a  floating  deck.  The  ultimate 
use  was  to  be  in  an  airborne  a  jipl  ica  t  ion ,  so  that  minimum  size 
and  v^eight,  and  the  greatest  possible  ruggedness  were  an  impor¬ 
tant  consideration. 
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rhe  customer's  reason  for  requirinp  an  extremely  flat-top 
pulse  was  in  order'  to  achieve  the  constant  phase  shift  necessary 
for  a  pulse  compression  radar  system.  The  fast  I'ise  and  fall 
times  cere  required  in  order  to  f>ass  throueh  the  critical 
oscil'iat  ion  I'e^ion  of  his  TiVTs  as  quickly  as  possible,  and  to 
achieva  maximum  effective  duty  cycle  vjitJiin  the  operating  speci¬ 
fications  of  the  tube. 

Aoprc-ac'n  to  Solution 

Ihe  customer  had  an  operating  hard  tube  pulser  v.'hich  met 
I'ne  S70C if ica t ions  and  a  line  tyre  pulser  whicli  did  not.  Still, 
to  achieve  minimum  size  and  weight,  they  felt  that  a  line  type 
pulser  was  necessary,  uur  past  experience  v;ith  the  PiiPN  diode 
in  lir.e-type  pulscrs  indicated  to  us  that  this  was  the  device 
around  which  to  design  cur  pulser.  It  is  certainly  smaller, 
more  r'uggcd  and  more  efficient  tJian  comparable  hiydropen  thyra- 
trons.  ./ith  this  device,  the  required  fast  rice  time  is  no 
problcTL.  liecausc  fall  time  at  13.1  microseconds  v;ould  be  diffi¬ 
cult  tu  achieve  directly,  v.-e  decided  to  speed  tl.e  fall  time  by 
.means  cf  a  tail-biting,  circuit.  ./e  were  of  the  opinion  that  the 
pulse  flatness  could  be  achieved  by  using  zener  diodes  across 
the  cstput  of  the  modulator,  essentially  iii  shunt  with  the  grid 
of  the  tube.  V.'o  had  the  advantage  that  the  customer  v/as  able  to 
prove  cut  the  zener  philosophy  in  their  line-type  pulser  even 
beferz  the  order  was  placed. 

dr.e  final  schematic  is  as  sr.ovr-  In  figui'e  2,  Since  the 
customer  wished  to  provide  us  with  a  positive  trigger  pulse  of 
dO  volts  peak  amplitude,  we  decided  to  amplify  tliat  trigger  by 
mcdiis  of  r.iPii  diode  Db,  In  that  way  the  trigger  pulse  is 
increased  to  roughly  100  volts  amplitude.  This  pulse,  which 
incidentally  is  negative,  applied  at  the  junction  of  D1  and  D2, 
causes  Di  to  sv/itch  to  a  conducting  state,  followed  by  1)2.  A 
positive  pulse  appears  on  tlic  primary  of  T2,  is  stepped  up  and 
fed  through  liiiiiting  resistors  R5  and  R13  to  tlie  zener  diodes 
Cb,  b,  7  and  17.  Capacitor  Ca  is  used  to  reduce  a  round  off  on 
the  tc~  of  the  pulse.  Potent  ionic  ter  K6  is  used  to  vary  the 
amplitude  of  the  pulse,  since  grid  current  flows.  The  same 
positive  pulse  on  the  primary  of  pulse  transformer  T2  is  fed 
triroerh  delay  line  /.I  to  the  junction  of  FilPfJ  diodes  D3  and  D4 
which  '-hen  they  switcli  act  to  "bite”  the  tail  of  the  pulse. 

Dela-y  line  Z1  therefore  determines  the  pulse  v;idth.  Pulse  form- 
iiSg  r,;t-.crk  'Z2  is  made  to  be  slightly  wider  than  delay  line  Zl, 

TH  f  f i c z 1 1 ies  Pnccuntered 

Is  the  developinent  of  this  modulator  v;e  found  seme  diffi¬ 
culty  in  three  areas,  first,  the  tail-hitcr  circuit  was 
cri  rir.il  ly  more  conventional.  There  was  no  dc  voltag,c  on  the 
F’.vpli  dic'Jes,  and  the  pulse  into  tho  delay  line  came  from  the 
outpui;  oi  trigger  diode  1^5.  In  order  to  prevent  the  sviitching 
of  t}.e  tail-liter  diodes  dat  ing  the  leading  of  the  pulse 

it  '-.as  necessary  to  tleeouple  them  ti'om  the  pulse  voltage  on  the 

202 


pulse  vith  K6  set  at  500  ohms,  a  condition  of  minimum  pulse 
amplitude.  Deviation  from  flatness  is  O.S  volt  total. 

-*e  have  learned  that  of  the  four  modulators  delivered,  the 
one  in  lonpost  operation  is  one  which  lias  been  in  actual 
operation  some  35  hours.  However,  this  is  35  liours  of  operation 
on  a  rloatiiiR  deck  at  30  kv.  I'.very  tijia  the  T'.VT  was  put  on  the 
air,  the  operation  of  the  crowbar  was  checked.  Also,  there  were 
several  instances  during  the  35  hours  when  the  crowbar  was 
caused  to  fire  during  the  operation  of  the  tube.  There  have 
been  no  failures  in  the  nodulators,  and  there  has  teen  no  cause 
for  alarm.  Wc  regret  tliat  for  Security  reasons  we  are  not 
]icrmittcd  to  state  the  T.VT  tube  types  nor  the  frequencies 
employed . 

Subscruent  ■■Jork 

In  one  subsequent  contract  for  a  different  customer, 
durmac  has  produced  a  15  microsecond  pulser  at  0-200  pulses  per 
second  for  pulsing  the  RCA  312H  T'n/T.  In  that  pulser,  both  bias 
and  pulse  amplitude  are  variable  over  a  large  range.  The  pulse 
characteristics  achieved  were  comparable  to  those  which  were 
descrited.  l.ife  so  far  is  in  excess  of  75  hours. 

For  another  customer,  we  have  proven  the  feasibility  of 
producing  similar  pulsars  in  the  order  of  2  milliseconds  pulse 
duration.  Jiaturally,  it  was  necessary  to  come  up  with  an 
entirely  new  concept  of  pulser  design,  which  might  be  the  sub¬ 
ject  cf  some  future  paper. 
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SOLID-STATE  GATE  MODULATOt 


by 

iLoy  T.  Ccurtney 
Developaenc  Engineer 

ITT  Federal  Laborntorlea 
Nutley,  New  Jersey 

Tnrvoduct  ten 

111”  6ol  d'SCaCe  gate  rodulaCor  Is  an  unique  codulator  In  that  It  Is 
essenLUJiy  a  constant  voltage  device;  that  Is  to  say.  Its  output  voltage  Is 
Indcpende.  -  of  ’  ad  Impedance  over  wide  limits.  The  modulator  uses  four-layer 
PNPN  silicon  erodes  and  a  saturable  transformer  as  an  almost  Ideal  awltch. 

This  type  of  modulator  Is  ideal  for  pulsing  a  grldded  traveling  wave  tube  whose 
Input  Impedance  varies  greatly  from  tube  co  tube.  It  is  also  adaptable  to 
pulsing  klystrons  and  magnetrons.  Because  of  the  variable  puls,  v  1th  and 
repetition  rctc  charactcvistlcs,  this  type  of  modulator  la  readily  adapted  to 
pulse  Coded  aystems. 

Solid-State  Switch 

The  four-layer  PNPN  silicon  diode  Is  a  self-actuated  ulodc  with  operating 
characteristics  based  on  the  principles  of  transistor  action.  It  Is  a  two 
terminal  device  which  has  two  stable  states:  (1)  an  ’’open"  or  high  resistance 
state  with  a  forward  resistance  of  more  than  one  megohm,  and  (2)  a  "closed"  or 
low  resistance  state  with  a  forward  resistance  of  one  ohm  or  less.  The 
characteristics  are  similar  co  those  of  a  gas  thyratron  except  that  its  reco'/ery 
cine  is  much  less.  The  device  Is  switched  by  controlling  the  voltage  acrosa  it 
or  the  current  flowing  through  it.  When  the  voltage  across  the  unit  Is  equal 
to  or  greater  than  Its  "6wltchlng"voltage,  the  device  swltchos  to  its  closed 
state.  It  will  remain  In  this  state  until  the  current  passing  through  the 
diode  it  reduced  below  "holding"  current  or  the  voltage  across  the  diode  is  re¬ 
duced  below  holding  voltage  at  which  tf ’'e  the  unit  returns  to  its  open  state. 

The  diodes  can  be  placed  Ic  series  to  crease  the  awiCchlng  voltage  of  a 
circuit. 

250  Volt  Solid-State  Gate  Modulator 

Figure  1  Is  the  schematic  for  a  250  volt  modulator  with  «  .maximum  repetl' 
tlon  race  of  1500  pps  and  pulse  width  of  66  microseconds.  1  o  ut  gatlve  pulses 
with  their  leading  edges  separated  by  a  time  equal  to  the  wld.h  jf  the  desired 
output  pulac  arc  required  to  activate  the  modulator.  The  first  pulse  will  be 
the  "turn-on"  trigger  and  the  second  pulse  will  be  the  "turn-off"  trigger. 


Tti«  fcijr-rayer  Jlodei  401,  4D?,  403,  amJ  4D4  Oave  *  rionfnal  *i;ltchlng 
»olt*Ra  ot  700  volti  each.  The  four-layr.i  >1t(x1c  405  hn»  a  nooilnol  awlcchinx 
vollnge  of  50  Volta.  Tranafotper  T2  la  act  to  the  qulcactnt  operating  point 
by  a  d-c  <.irieiit  tltrwlng  (com  the  7-voli  supply  through  the  bias  winding. 

Capacitor  C2  la  chaiged  to  400  volta,  when  4D},  4D4  end  ADS  ere  In  the  open 
etate. 

Hie  negative  turn-on  trigger  pulae  la  applied  to  the  cathode  of  four-layer 
diode  41)2  ecrosa  dlr-dt  CK?  end  load  icalstor  R  through  tianaformer  T1  eod 

rcilator  Rl.  CH2  1$  baeV.  baited  by  the  negative  trigger  pulac  and  preseuta  «. 
hlgli  liBpedarvce  to  Lt.  Die  araplltude  of  tlie.  trigger  ec  the  cathcate  of  4D2  wfien 
added  to  the  2SCJ>vo1l  nupply  voltage  brings  the  voltage  ecroaa  4Dl  end  4D2  Co 
(he  awllcliing  voltage;  t)io  dtodee  awlich  to  the  closed  state,  and  load  cunertc 
(hrwa,  71ia  cute  of  1 1 eiis f oi mat  17  la  antureted  by  the  bias  currerit  even  when 
lull  load  Cut  rent  flout  In  ita  aetondeiy  winding.  Conaiquont  ly,  the  Izpcdcnce 
between  tlis  lusd  Iciiiinal  and  tlia  250-volt  modulator  aupply  voltage  conslatt 
pili.Kiilly  of  the  loruatd  coi'd\icilng  Impedance  of  dlodca  4D1  ,  4D2,  and  CK2. 

Silica  this  li..|>('d Ai'CC  la  I'laa  than  S  ohrot,  better  tiinu  ‘70  per  Cl  r.t  of  the 
iJijilulaioi  aupply  volincc  appearo  ectoat  the  output  rcimlnalt  ol  rl  e  cio-ulctor, 

Tliia  i.icaiia  that  tlio  oulj'ut  voltage  of  the  modulator  la  rclatlvel)  Independent 
of  the  load  tcij'edaiice ;  In  cllucL  the  modulator  la  aliooat  an  Ideal  voltage 

tuui ce . 

Tlie  negailvo  (uin-olf  (tlggor  pulac  la  applied  to  the  cathode  of  the  four- 
layci  diode  4PS  eotoss  tt>c  bat.k  bteaeJ  diode  Ci<)  tliiuuKit  coupling  capacitor  C3, 

Tilt  suic  ot  (he  400-volt  charge  on  cnpaclt(>r  C2  and  the  tuin-off  trigger  la 
gtoalei  tlion  the  owKchlng  voltage  of  the  ati  lug  of  four-layer  difKlea.  Conje- 
'l<iciitly,  the  luin-ofl  string  ol  dlwd«a  twitch  to  tlic  closed  acate  and  capacitor 
r2  d  I  ichai /;e*  llnoup;ti  (he  pi  linary  of  ti  nna  fornicr  12  and  dlodca  4i;3,  4D4 ,  405, 
and  (.1  )  to  giound,  7hl»  disihargo  current  dilvea  trensfoiiaci  T2  out  of  oatu- 
ratlun,  iheieLy  developing  a  negative  pulac  voltage  acioaa  the  tninafortiicr 
piliuny  winding,  i.egativa  pulac  ol  4i)pt oxliuntoly  300-volta  peok  appear# 
acioaa  tlio  aecundaiy  of  the  cranaforraar,  Ihlt  pulao  will  cause  a  current  to 
fl'A^  In  (ho  oppuiltc  diicctlon  through  the  load  to  the  load  current.  A  negative 
voltage  la  developed  Ihcri-hy  reducing  tha  poiltlvo  load  voltage.  When  the 
voltage  aciosa  4bl  and  4D2  le  reduced  below  holding  voltage  by  ihlo  negative  pulae, 
these  dlodca  awlich  to  the  Open  atate.  Hilt  removea  the  voltage  from  the  load. 

Iha  wjdili  ot  (lie  ncgeitvr  twitching  |>ulsc  At  li'.u  250  volt  point  eiuat  be  greater 
tiinn  the  rccovoty  tlac  ol  41)1  ond  4I>2  oi  thcnc  dlodee  will  not  remain  In  the 
ojcii  etoie  bio.  1  till  ren.ovca  any  ponlt.lvo  overohoot  of  iho  negative  pulae. 

This  posit. Vu  yv  •  •.slioot ,  li  POt  removed,  would  switch  the  lour-loycr  dlodea 
back  Into  tlic  closed  state. 

i'.ralstor  HU  llnlta  the  cui  rrnl  flowing  froia  the  /,00-volt  supply  to  a  value 
Irsa  Ilian  ihn  hol'lln,;  CUI  Sent  for  the  ct.i.'ig  of  turii-wlf  foui-la/er  diodes. 

When  '.he  ehuige  on  capacitor  C2  cr.n  no  longer  anjiply  holding  current  for  the 
luin-olf  dlodca,  these  dlodca  swlti.h  to  the  opun  ctatc.  Capacitor  C2  then 
leclinigc't  itiiough  tealatoi  P.8  to  400  volts  and  the  modulator  la  ready  for  the 
rei-.t  set  of  tilggcr  pulace. 
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Resistor  Rk  Increases  the  source  luipedance  of  the  trigger  gf.neracor  Co  eh* 
point  where  the  modulator  may  override  the  turn-on  trigger  pulse  wt.cn  4(D1  and 
AD2  switch  to  the  closed  state.  In  addition,  R1  prevents  the  secondary  of  trans- 
fortcer  Tl  from  shorting  the  load  during  long  output  pulse  widths.  Resistors  R3, 
RA,  R5,  R6  and  R7  equalize  the  voltage  drops  across  the  four-layer  diodes  wher. 
they  are  In  the  open  state.  Resistor  R2  limits  the  curre.nt  flowing  In  the  bias 
winding  of  transformer  T2.  The  Inductor  11  prevents  turn-off  pulse  current  froa 
flowing  In  the  bias  winding  of  T2. 

Saturable  TVansformec 

The  core  of  tran.s  former  T2  Is  composed  of  magentlc  material  having  a 
rectangular  hysteresis  loop.  The  operation  of  the  cransfortaer  will  be  explained 
using  the  ideal  B-H  curve  or  liysroresls  loop  in  Figure  2.  A  transformer  is 
saturated  when  a  chaitge  in  nagnetlzing  force  (H)  does  not  produce  a  change  in 
flux  density  (B). 

HI  (Point  1)  is  the  magnetizing  force  due  to  the  d-c  current  flowing  la 
the  bias  winding.  This  is  the  quiescent  operating  point  of  the  transformer. 

The  secondary  winding  of  the  tran.sformcr  is  wound  so  that  load  current  flowing 
in  the  secondary  produces  a  magnetizing  force  that  opposes  the  bias  magnetizing 
force.  The  net  magnetizing  force  is  then  H2  (Point  2).  Since  this  point  Is 
Still  in  the  saturated  region  end  the  flux  density  (B)  has  not  changed,  the 
secondary  winding  presents  no  iapedap.ee  to  the  load  current  during  the  pulse 
Interval . 

The  primary  winding  produces  a  magnetizing  force  that  aids  the  magnecizing 
force  produced  by  the  load  current  as  long  os  the  transformer  Is  io  the  saturated 
region.  As  the  primary  current  drives  the  transformer  out  of  saturation  toward 
Point  3  the  load  current  is  reduced  toward  zero.  The  magnetizing  force  produced 
by  the  primary  current  maintains  the  net  magnetizing  force  at  H3  until  the  flux 
density  (B)  goes  from  Bl  to  B2.  '..’hen  primary  Current  cccces,  the  magnetizing 

force  due  to  the  bias  current  resets  the  transformer  core  to  the  quiescent 
operating  point  and  the  cycle  Is  coinplere. 

The  core  use  for  the  transforM.;r  tn  the  250  volt  modulator  was  a  1  all 
ovthonlk  tape  wound  core.  Ovthonl'K  material,  composed  of  grain  oriented  50  per 
cent  nickel  and  50  per  cent  Iron  alloy  has  an  hysteresis  loop  which  approaches 
the  ideal  rectangular  hysteresis  loop  of  Figure  2. 

Waveshnpes  for  the  250  Volt  Solid-State  Cate  Modulator 

A  circuit  was  built  with  a  layout  similar  to  the  layout  of  the  schematic  la 
Figure  1.  A  photograph  of  this  circuit  Is  shown  In  Figure  3.  Figures  4  through 
12  arc  photographs  of  waveforms  between  the  points  Indicated  on  the  schematic 
and  ground. 

The  turn-on  and  turn-off  negative  trigger  pijjscs  in  time  reference  to  the 
output  pulse  are  shown  In  Figure  A  and  5,  respectively.  The  waveshape  of 
Figure  6  la  the  minimum  pulse  width  that  could  be  obtained  with  the  available 
tutn-on  and  turn-off  trigger  source.  Figure  7,  8  and  9  arc  photographs  of  the 
output  pulse  with  widths  of  3,  7  and  11  uiicroseconds ,  respectively. 


210 


figukc.  3 


SIMPLE  SOM  D  STATE  GATE  MOLHJLATQH 


Ija  -  until- CM 

TRIGGER  (Point  2) 

PULSE 

[  ‘  -  ■  '  floo 

L- .  ± 

lib  -  aJTPL’T'  PULSE 
(Point  1) 

1^ -  1  yscc. 

riRure  U  -  Reference  of  the  TuRiJ-ai  TRIGGER 
EULSE  witn  respect  to  tne  OUTrUI 
rt/LSE. 


5a  -  TURTJ-O-T 

'iki'jGl-Ji  (Rolnt  3) 

Rl/LGE 

5b  -  aJTFJT  j’LXSE 
(Point  X) 

Flj’.ure  5  -  Kefertnce  of  the  TUKN-OI-y  TRIGGER 
I'Ul/JK  with  rc.’ipcct  to  l^io  OUTPUT 
PUL^iE. 

^otel  i’oint  n-ir.btrs  referred  to  in  above  fii^ures  correspond  to  ''>lt 
jjoliits  in  Flc'irc  1. 

All  voltai'ea  wej-e  reayured  with  rcs()'.ct  to  t;rouJvl, 

All  w.ivesliaper.  are  reai  fi-on  rii;ht  to  le-ft. 


Lrurc  6  -  Kinirrun  pulao  width  FlRurg  7  '  3  paec  OJTfVT  FL'LSE 

obtainable  with  the 
available  TTJRIJ-CW  and 
7U!t‘J'CfF  Trliiger  Puloee, 


jure„8  -  7  /Joec  CJJTFl/r  I’ULSE 


hole;  All  voltajiea  were  w.aaorcd  with  renpoct  to  ground. 
All  waveshapes  are  read  from  right  to  left. 


rtgure  to  Is  s  set  of  vsveshepes  of  ttie  cvtpnt  pulse  as  tfie  Toad  resistor 
was  varied  froo  1209  Co  220  ohms.  Figures  10a  through  tOf  show  chat  the  output 
pulse  was  not  affected  as  the  lead  resistor  was  varied  from  1200  to  470  ohms. 
Figures  lOg  and  101  show  that  Che  output  pulse  amplitude  was  reduced  for  load 
resistors  of  300  and  220  ohma.  For  the  output  pulses  of  Figures  10a  through  lOg 
and  Figure  ‘01,  the  bias  current  was  140  ma  (nominal).  The  value  of  the  load 
resistor  for  Figures  lOg  and  101  allowed  a  load  current  that  drove  transiotsier 
T2  out  of  saturation;  therefore  part  of  the  modulator  supply  voltage  was  dropped 
across  the  transformer  winding.  In  Figures  lOb  and  lOJ  the  bias  current  was 
Increased  Co  400  oa.  This  bias  curcent  did  not  maintaia  the  core  completely  • 
saturated  with  load  current  flowing  but  did  reduce  the  impedance  of  Che  secondary, 
winding  presented  to  the  load  current.  TIius  for  a  load  varlacloa  of  3  to  1  the  ' 
output  voltage  remained  constant  without  any  adjustments  made  to  the  circuit. 

By  adjusting  the  bias  current,  the  circuit  could  be  made  to  supply  approximately 
a  constant  output  for  a  load  variation  of  6  Co  1. 

Figure  11  is  a  set  of  waveshapes  of  the  output  pulse  as  the  modulator  supply 
voltage  (250  volts  nominal)  was  varied  from  100  to  280  volts.  The  output  pulse 
shape  was  not  affected.  The  amplitude  varied  directly  as  the  modulator  supply 
voltage  varied. 

As  can  be  seen  from  Figures  10  and  11,  the  modulator  Is  a  constant  voltage 
source.  Changing  load  impedance  has  little  or  no  affect  on  the  output  voltage. 
The  output  voltage  is  primarily  a  function  of  the  modulator  supply  voltage. 

Figure  12  Is  a  set  of  waveshapes  of  the  output  ptilse  as  capacitance  is  added 
across  the  load  resistor.  Figure  12  has  no  capacitance  except  wiring  and  stray 
capncltancc.  As  can  be  aeen  in  Figures  126,  12c,  end  12d,  the  additional 
capacitance  has  to  be  charged  and  discharged  at  Che  beginning  and  the  ending  of 
Che  output  pulse. 

Prolected  Capabilities  of  the  Simple  Circuit 

The  cnaxlmura  width  of  the  output  pulse  is  limited  only  by  the  capobillty  of. 
the  four-layer  diodes.  If  the  peak  load  current  is  equal  to  or  less  than  the 
d-c  rated  current  of  Che  switching  diodes,  the  pulse  width  can  have  any  value. 

The  mlninum  output  pulses  width  is  limited  by  the  turn-on  and  turn-off 
trigger  pulse  spacing.  This  modulator  should  be  capable  of  producing  an  output 
pulse  with  a  width  of  approximately  one  tench  of  a  microsecond.  The  mlnimua 
pulse  width  of  Figure  6  was  limited  by  the  available  trigger  pulses. 

The  rise  time  of  the  output  pulse  was  less  than  50  nano-seconds  with  no 
capacitance  across  Che  load  except  Che  wiring  capacity.  Adding  capacitance 
across  Che  load  decreases  the  rise  time  as  can  be  seen  In  Figure  12.  The  decay 
time  of  the  output  pulse  is  less  Chan  O.l  microsecond  but  is  affected  by  capaci¬ 
tance  across  the  load  as  can  be  aeen  in  Figure  12. 

Pulse  output  voltages  of  approximately  15  volts  peak  to  approximately  lOOO 
volts  peak  can  be  obtained  from  this  type  circuit.  The  four-layer  dlodea  cao 
be  placed  in  a  series  string  to  hold  off  the  necessary  voltage. 
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Figure  12  -  Effect  of  varTi.ng  the  capacitor  Cl  on  the  output 

pulao.  Modulator  8uppl7”250  volts  and  Bj^  *750  otas. 

NOTE:  All  voltages  were  measured  with  respect  to  ground.  All  waveshapes 
are  read  from  right  to  left. 
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►1GUR£  13 

lOOKC  80LlD*t»TATC  GATE  MOOUUTOR 


CiiKwtT  AftftrTATiOai 


WTieo  »n  arc  occtir»  wlfhln  the  tube  fron  grlrf  tw  the  heltx  anppljr 

capacitor  will  discharge  through  the  Bins  Supply  and  resistors  RI9  and  R20  la 
an  unprotected  circuit.  The  elements  will  not  vlthstond  the  high  surge  current. 
To  protect  these  cleoienta,  spark  gap  E3,  with  a  breakdovn  potential  larger  than 
the  normal  operating  potential^  la  ahunted  across  them.  When  the  tube  arcs,  tha 
breakdown  potential  of  the  gap  is  reached  and  the  gap  conducts,  discharging  the 
helix  supply  capacitors. 

When  an  arc  occurs,  the  stray  capacitance  to  ground  of  the  modulator  and 
modulator  supply  auaC  be  discharged  or  a  high  luvcrsc  voltage  will  be  applied 
across  the  modulator  four-layer  diode  atrlngs.  Spark  gaps  El  and  E2,  with 
breakdown  potentials  larger  than  the  breakdown  voltage  of  spark  gaps  El  and  ET, 
diodes  CR/*  and  CR5  are  placed  In  scries  with  the  modulator  elements,  (CR4  and 
CR5  nay  each  coi'.^lst  of  several  diodes  In  series.) 

Since  the  four-layer  diodes  can  withstand  the  peak  pulse  current  for  a 
limited  time  only,  the  turn-on  section  of  the  modulator  hac  to  be  protected 
against  malfunction  In  the  torn-of£  ecctlon.  This  can  be  accrapllshcd  by 
sampling  the  output  pulse,  integrating  the  sample  over  a  safe  limit  of  pulse 
Interval,  and  using  this  Integrated  voltage  as  a  trigger  for  an  auxiliary 
turn-off  circuit.  In  Figure  lA,  resistor  R20  Is  a  sampling  resistor  having 
a  small  value  coicpared  to  the  load  of  the  modulator.  Tlie  sampled  pulse  Is 
fed  to  the  integrating  network  consisting  of  resistor  kJ5  and  capacitor  C4. 

If  the  pulse  width  is  wide  enough,  capacitor  C4  will  charge  to  a  value  latga 
enough  to  trigger  the  avalanche  transformer  T2  developing  a  negative  pulse 
between  terminals  5  and  6  which  will  switch  four-layer  diodes  4D9  and  4D10  to 
the  open  state.  The  auxiliary  turn-off  section  will  be  reset  by  resistor  RI6 
liuilcliig  outLciiC  flow  through  uiuucs  407  and  406  bolow  holding  current. 

The  fuse,  FI  of  Figure  14,  would  be  used  only  to  prevent  possible  domaga 
to  the  power  supply  in  the  event  of  a  component  failure  In  the  modulator  where 
the  auxiliary  turn-off  circuit  It  employed,  A  simple  way  of  protecting  the 
turn-on  section  of  the  modulator  would  be  to  utilize  a  fast-blow  fuse  In  the 
position  of  FI  and  eliminate  the  auxiliary  turn-off  circuit  entirely.  The 
disadvantage  of  using  a  fast-blow  fuse  is  that  it  would  have  to  be  replaced 
after  a  transient  fault.  The  auxiliary  turn-off  circuit  would  reset  automat¬ 
ically. 

Summary 

While  the  oolld-statc  gate  modulator  discussed  In  this  paper  was  developed 
with  the  requirements  of  systems  employing  grlddcd  traveling  wave  tubes  and 
klystrons  In  mind,  these  applications  are  by  no  means  the  limit  of  its  appli¬ 
cability.  A  very  interesting  appllcaclou  would  be  to  drive  low-power  magnetrons, 
pcrtlcularly  In  airborne  or  satellite  beacons  where  variable  pulse  widths  are 
required.  This  type  of  modulator  would  have  the  distinct  advantage  of  being 
small,  lightweight,  efficient  and  etable. 
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I.  IWTROnUCTIOll 


Thl«  paper  repreaenta  a  study  In  the  use  of  solid  state  devices 
la  radar  Eodulator  applications.  Of  particular  Interest  are  radar 
•odulatoro  capablo  of  owltchlng  peak  pulse  powers  In  the  megawatt 
rt^e.  As  the  basic  owltchlng  element,  both  the  Transistor  and  the 
Trinlstor  (rwpN  switch)  are  conaldcred.  Tha  forr/er  would  be  applt. 
cable  to  the  "Hard  Tube"  type  of  modulator  while  the  latter  would  be 
used  In  a  "Line  Pulsing"  type  of  modulator. 

^^LICATION  or  traroistors  to  radar  moduiator  circuitry 

At  this  time,  the  waxlmuni  power  which  can  be  switched  by  a 
single  transistor  Is  approximately  6  kilowatts.  Hence,  both  aorlea 
snd  parallel  operation  of  tianslstors  was  considered  In  on  effort  to 
attain  peak  pidse  powers  In  the  Cic.^iwatt  region. 

Two  or  fore  Translators  con  be  connected  In  series  as  shown  In 
rlgure  1.  Ecjual  voltage  division  across  the  TYonslstors  In  the  "off" 
sUte  Is  ensured  by  connecting  Resistors  In  parallel  with  each  unit. 
The  necessary  base  drive  for  each  unit  Is  provided  by  the  multlplo 
secondary  trigger  transformer  shown  in  tha  figure. 

One  of  the  major  difficulties  encountered  with  serlea  opoiutlon 
unless  ail  units  switch  "on"  coincidentally, 
the  full  hold  off  voltage  will  appear  across  the  slowest  switching 
transistor.  This  will  undoubtedly  result  In  destruction  of  the 
transistor. 

To  Increase  the  current  switching  capability,  two  or  more 
transistors  can  be  connected  In  parallel,  as  shown  in  Figure  2.  The 
mxlmuni  current  that  can  now  be  switched  is  equal  to  the  current 
rating  of  a  single  translator  multiplied  by  the  number  of  translstora 
la  parallel.  However,  to  obtain  maximum  power  output,  the  Impedance 

223 


level  becomes  far  too  lov  for  a  piactic&l  modulator  design.  In 
addition  the  division  of  the  load  current  among  the  paralleled  tran¬ 
sistors  is  Inversely  prop,>rtional  to  the  transistor  saturation 
resistance.  Hence,  C''r.ponsatl..,'t  resistances  must  be  provide  1  which 
will  reduce  the  overall  clrc  dt  efficiency. 

Finally,  the  power  gain  of  trauaiatoca  la  low..  Therefore,  the 
required  driving  power  la  a  significant  proportion  of  the  output  power. 

It  ir.ay  thus  he  concluded  that  the  use  of  transistors  Is  highly 
inefficient  In  high  power  radar  modulator  circuitry. 

There  are,  howe\/er,  r^ny  applications  for  low  power  pulsera 
where  transistors  could  adequately  handle  the  power.  Kany  high  power 
transistors  have  a  relatively  slow  switching  time  and  special  cir¬ 
cuitry  has  been  designed  for  these  transistors.  Figure  3  shows  a 
circuit  which  ellminctes  the  storage  time  effects  and  reduces  the 
effects  of  shunt  capacity  on  the  trailing  edge  of  the  output  pulse. 
Figure  U  shows  a  circuit  for  generating  very  narrow  pulses  with  fast 
rice  and  fall  times,  Eoch  of  thece  circuits  uses  relatively  slow 
speed  transistors  for  the  generation  of  pulses  with  a  very  fast  rise 
and  fall  times.  One  circuit  was  built  which  generated  a  225  watt, 

10  microsecond  pulse  with  rise  an'^  fall  times  of  0,6  nlcrcBecondj. 

III.  APPLICATIOH  OF  THnilSTORS  TO  A  RADAR  MODULATOR  CIRCUITRY 

The  Trlnlstor,  which  Is  also  known  as  the  Pt.TN  switch,  silicon 
controlled  rectifier,  silicon  controlled  switch,  la  a  three  Junction 
semi-conductor  device  with  thyratron-llke  characteristics.  It  will 
block  relatively  high  voltage  In  both  the  forward  and  reverse  direc¬ 
tion  luitll  turned  on  by  a  low  level  pulse  into  Its  gate.  When  the 
Trlnlstor  is  In  the  conducting  state,  its  forward  impedance  is 
extremely  low.  Consequently,  It  is  ideally  suited  to  radar  modulator  ' 
circuitry.  Figure  5  illustrates  the  use  of  the  Trlnlstor  In  a  con¬ 
ventional  line -type  puLser  circuit.  Tlia  pulse  forming  network  (PFN) 

Is  resonantly  charged  to  approximately  twice  the  supply  voltage. 

The  Trlnlstor  is  triggered  "on"  by  applying  a  low  amplitude  pulse  to 
its  gate.  The  PFN  then  discharges  through  the  Trlnlstor  and  load 
resistor  Rl-  When  the  dlscliarge  current  falls  below  the  Trlnlstor 
maintaining  current,  the  Trlnlstor  will  revert  to  Its  high -impedance 
stale  and  the  entire  cycle  will  be  repeated. 

The  following  sections  describe  various  techniques  whereby  the 
Trlnlptors  may  bt  used  to  switch  peak -pulse  powers  in  the  megawatt 
range , 
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A.  Reliable  Regottant  Charging 

Ttie  usual  method  cf  resonant  charging  consiets  simpler  of  a  cboVe 
in  series  with  a  diode.  The  choke  performs  two  functions.  Firstly, 

It  resomi.te8  with  the  PFS  capacitance  to  produce  the  charging  cycle. 
Secondly,  it  provides  an  isolating  impedance  betwcca  the  paver  supply 
and  the  load  switching  element  of  the  aodulntor.  During  the  pulse 
output  time  Interval,  however,  the  current  through  the  choke  rices 
exponentially.  This  ia  ordinarily  of  little  consequence  as  long  as 
the  value  of  current  at  the  end  of  the  pulse  has  not  reached  the 
maintaining  current  level  of  the  switch  device.  The  switch  will  then 
turn  off  at  the  end  of  the  pulse,  and  the  resonant  charging  cycle  will 
recur. 

The  maintaining  or  "holding"  current  of  Trlnlstors,  however,  is 
very  low.  A  typical  holding  current  for  a  'JO  ampere  Trlnlstor  is  20 
mllllamperes  .  Iherefoie,  the  charging  choke  must  have  cufftclent 
Inductance  to  prevent  more  than  20  mllllamperes  to  build  up  during 
the  output  pulse  interval.  This  value  of  Inductance,  however,  nay 
not  be  compatable  with  the  other  circuit  constants  selected  for  a 
particular  modulator.  To  overcome  this  difficulty,  reliable  resonant 
charging  with  any  value  of  cliargfng  inductance,  can  be  obtained  by 
replacing  the  cliarging  diode  with  a  Trlnlstor  as  shown  in  Figure  6» 

When  a  Trlnlstor  is  used  for  charging,  it  must  be  triggered  "on" 
to  allow  the  PFW  to  charge.  Once  the  PFK  reaches  Its  peak  charge, 
the  charglg  Trlnlstor  turns  off  since  the  current  through  it  drops 
to  zero.  When  the  load  switching  Trlnlstor  is  turned  oo  to  deliver 
the  output  pulse,  current  cannot  start  to  build-up  In  the  charging 
choke  because  the  charging  Trlnlstor  is  "off"  and  Is  a  virtual  open 
circuit.  The  next  charging  cycle  will  not  be  initiated  until  the 
charging  Trlnlstor  is  triggered  "on"  again.  Therefore,  with  suitable 
delays  between  the  triggering  of  the  load  switching  Trlnlstor  and  the 
cliarglng  Trlnlstor,  reliable  operation  can  be  achieved  even  with  very 
wide  pulsea  and  very  low  inductance  charging  chokes. 

The  charging  Trlnlstor  for  resonant  charging  not  only  gives 
reliable  operation  but  also  allows  a  much  more  XTexlble  oyetera.  For 
example,  a  wide  range  of  pulse  repetition  rateo  can  be  obtained  with 
a  nlnglc  value  of  cluirglng  Inductance.  Also,  for  low  repetition 
rates,  leakage  of  the  PFIi  (droop)  can  be  virtually  ellDlnated  since 
the  charging  cycle  can  be  initiated  at  some  long  interval  after  the 
end  of  the  previous  pulse.  This  will  also  allow  the  use  of  lover 
Inductance  {and  physically  oroaller)  charging  chokes  for  applications 
where  size  and  welg  it  muct  be  nt  a  Dilnlmum. 

B-  Saturable  Reactor 

The  Trlnlotor,  when  switching  from  the  "off"  state  to  the  "on" 
state,  exhibits  a  high  resistance.  If  high  currents  are  being  ewltched. 
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considerable  uuounts  of  pover  ere  dissipated  In  the  Trlnlstor  even 
thou^  the  transition  from  "off*  to  "on"  Is  very  fast.  In  addition, 
the  turn-on  iKChanlsio  of  the  Trlnlotor  Is  such  that  the  entire  area 
of  the  Junction  does  not  turn  on  slitultsneouflly.  Conccquontly,  the 
rate  of  rise  of  current  through  the  Junction  must  be  Halted  If 
localized  exceaslve  beating  of  the  Junction  la  to  be  avoided.  Ttte 
total  dissipation  can  be  aarkedlj  decreased  Lf  the  volt-aapcre  prodnor 
Is  kept  to  s  nilnlraum  during  the  switching  tlioe  of  the  Trlnlstor. 

In  addition,  the  Trlnlstor  when  "on",  cun  handle  peak  currents  which 
arc  i.0  to  20  times  its  average  current  rating. 

The  aforeoentloncd  declrable  characteristics  can  be  achieved  by 
Inserting  a  saturable  reactor  la  r.erlcs  with  the  DTi  as  shown  la 
Figure  7« 


The  operation  is  ns  follows:  Wlien  tl»e  Load  awltchlng  Trlnlstor 
Is  triggered  on,  during  tlic  owltchliig  tine,  the  amount  of  current 
that  can  flow  Is  limited  by  the  unnaturated  Inductance  of  the  re¬ 
actor.  After  the  Trlnlstor  bus  switched  cojipletcly  on  and  Is  In  Its 
low  resistance  state,  the  current  In  tlic  reactor  builds  up  sufficiently 
to  cause  the  core  to  saturate.  Once  the  core  saturates,  the  li>ductance 
of  the  reactor  becomes  negligible  and  the  full  load  current  can  flow. 
Therefore,  th<?  eaturnble  reactor  delay*  Uio  current  sulllclently  so 
that  the  volt-ampere  produce,  while  the  Trlnlstor  Is  switching,  is 
greatly  reduced.  Since  the  current  Is  delayed,  the  output  pulse  Is 
also  delayed.  Ibe  owount  of  delay  is  determined  by  Uie  saturable 
reactor  design.  This  delay  cun  bs  clearly  e  by  coB>)>arlng  Figure  dA 
with  8B.  Theoe  waveforms  show  the  Trlnlstor  anode  voltage  and  the 
Inverted  output  pulse  with  and  without  a  saturable  reactor. 


The  delay  time,  t,  of  the  saturable  reactor  le  given  byj 

WABt 

‘  •  T 

where  II  •  number  of  turas 


A  ■  croes  scclion&l  area  of  core 
•«  tcUil  flui  cluuige 
•  penk  voltage  applied  to  Ftt 


T)ie  current  required  to  switch  the  core  must  Iw  a  Bt/»11  percentage 
of  the  peak  current.  Tlie  switching  current  is  given  byi 
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where  1^  =  current  to  saturate  core 

3  •  ir,agnetltln^  force  for  saturation 

X  •  nenn  length  of  eero 
K  •  ntiinber  of  turns. 

Resetting  of  the  core  after  each  pulse  Is  acccapllshed  automati¬ 
cally  In  this  oppllcatlon  hy  the  resomint  charging  current  (which 
flows  In  an  oi>i>oaitc  direction  to  the  load  current.) 

It  Is  IcporUint  tliat  the  saturated  Inductance  of  the  saturable 
reactor  be  considered  In  the  design  of  the  Pulse  Forming  Network. 

Uhllc  the  Trlnlotoro  dlsslvwite  much  less  power  with  the  use  of 
a  saturable  reactor,  there  is  some  power  dissipation  in  the  saturable 
reactor.  For  high  power  applications  at  high  repetition  rates,  some 
means  of  cooling  the  naturablc  reactor  must  be  provided.  It  bus  been 
calculated  tliat  for  a  specific  5  lujgawatt  modulator  operating  at  300 
pps,  the  power  dissipated  by  the  saturable  reactor  is  approxltaately 
i*C  watts. 

C.  Series  Operation  of  Trlnlstors 

When  power  In  excess  of  a  single  Tilolstor’s  capability  Is 
required,  multiple  units  must  be  used,  Trlnlstors  may  be  connected 
In  parallel  to  incresse  the  overall  power  handling  capabilities  but 
there  ere  eocvcral  disadvantages  to  this  approach.  Current  equalisa¬ 
tion  means  must  be  used  to  prevent  daicaging  an  Individual  TrlnJetor. 
In  addition,  the  impedance  of  the  circuit  elements,  such  as  the  PFN, 
will  bo  so  low  ss  to  be  Iniproctlcal,  Furthenr,ore ,  tlie  required  step- 
up  turns  ratio  of  the  pulse  transformer  will  be  prohibitively  large. 

Connecting  Trlnlotor#  In  scries,  however,  Is  a  very  practical 
way  of  increasing  the  power  handling  copvvVjllltles.of  the  modulator. 
Tills  method  of  connection  icducrs  the  required  step-up  turns  ratio 
of  the  pulse  transfonricr  and  allows  the  use  of  P/M  lttj>cdance  levels 
In  a  ptactlcal  range. 

O'lo  of  the  problems  In  acrleslng  Trlnlstors  Is  to  ensure  equal 
voltage  sharing.  Tho  simplest  method  Is  to  use  reslstois  ss  shown 
In  Figure  y. 

There  are,  however,  neveral  disadvantages  to  using  resistors 
for  Voltage  equalizing.  The  equalizing  renlotors  dissipate  a 
relatively  large  amount  of  power,  tend  to  discharge  the  FFN,  and  do 
not  equalize  the  voltage  for  fast  transients. 
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Figure  10  ehowa  a  method  oT  voltage  sharing  using  zener  diodes. 
Ihls  method  overcomes  the  disadvantages  coted  for  resistor  equallra- 
tlon.  Tlie  leakage  current  through  the  zcner  diode  need  only  !>» 
slightly  larger  than  that  of  the  worst  Trlnlstor.  Tne  •‘r  voltage 
chorea  should  be  eq.uax  -o  or  slightly  less  than  the  minimum  hoJ.d-off 
voltage  capability  of  the  Ti-lnlstor  at  Its  maxittum  temperature  o£ 
operation. 

D.  Gate-Cathode  Biasing 

WJten  using  charglrig  Trlnistors,  false  triggering  <.an  rCjOlt 
because  of  transient  voltages  or  dv/dt  effects.  For  example,  a  *<00 
volt  Trlnlstor  subjected  to  a  voltage  rate  of  change  of  1000  volts 
per  microsecond,  wili.  trigger  at  approxit:ately  lOO  volts.  It  can  be 
seen  that  point  A  of  Figure  6  Is  sut  ‘ectcd  to  a  large  ’’rate  of  change" 
of  voltage  (dv/dt).  The  charglnr  ':h.nis‘,'’-.  are  tnen  prone  to  trigger. 

It  was  found  that  the  ability  of  a  Trlnlstor  to  resist  dv/dt 
breakdo'.r.  can  be  greatly  enhenced  If  reverse  bias  Is  applied  to  the 
gate -cathc/de  Junction  (sec  Figure  11). 

Bias  Is  easily  applied  to  a  flngle  Trlnlstor.  However,  when 
Trlnlstors  are  operated  in  series  It  Is  very  difficult  to  apply 
reverse  bias  to  the  gate -cathode  Junction  since  the  gates  must  be 
isolated  from  each  other.  Therefore,  circuitry  was  developed  to 
effectively  produce  reverse  bias  In  the  gate  circuit. 

The  first  method  Is  a  dynamic  type  of  bias  and  is  shown  In 
Figure  12.  This  circuit  was  used  successfully  to  prevent  the  charging 
Trlnlstors  from  breakdown  due  to  tre  large  dv/dt  caused  by  the  firing 
of  the  load-switching  Trlnlstore. 

The  circuit  operates  aa  follows:  A  gate  pulse  Is  coupled  to  the 
charging  Trlnlstor  through  the  transformer  causing  it  to  fire. 

This  allows  the  PFH  to  charge  up  as  usual.  Some  time  later  the  load- 
switching  Trlnistors  are  fired  to  deliver  an  output  pulse.  Thl# 
causes  a  large  negative  going  pulse  to  appear  at  the  cathode  of  the 
charging  Trlnlstor,  tending  to  turn  It  on.  Simultaneously,  some  of 
the  ptilse  is  coupled  to  the  gate  of  the  Trlnlstor  through  resistor, 

Rf,  Cf,  and  the  transformer.  The  pvlse  is  inverted  by  the  trans¬ 
former  so  that  It  effectively  produces  a  reverse  bias  on  the  gate 
of  the  Trlnlstor, 

It  Is  Interesting  to  note  that  ine  normal  gate  pulse  occurs  at 
some  definite  Interval  of  time  before  the  load-switching  Trlnlstors 
fire  and  the  feedback  occurs.  This  ensures  t^»t  there  be  no  conflict 
between  the  trigger  pulse  and  the  feedback.  Therefore,  no  additional 
drive  is  requ.'red  when  this  feedback  circuit  is  used  as  described. 
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The  second  rcethod  actually  develops  a  D.C.  bias  oa  the  gate- 
cathode  Junction,  The  D.C.  Is  developed  from  the  trigger  pulse 
itnelf.  The  circuit  Is  shown  In  Figure  13(a);  the  gate  waveform  is 
shown  in  Figure  13(bl;  the  diode,  D,  la  a  xener  diode.  Its  aetloo 
15  to  drop  a  portion  of  the  gate  trigger  pulse  across  it  and  charge 
up  the  capacitor,  C.  This  capacitor  maintains  its  charge  in  between 
pulses  and  effectively  appears  as  a  battery,  reverse  biasing  the  gate. 

Obviously,  this  circuit  Is  applicable  only  to  Instances  where  a 
repetitive  trigger  is  used.  Fortunately,  such  is  the  case  in  radar 
modulators.  Also,  the  drive  pulse  must  have  a  greater  amplitude  than 
formerly  required  since  a  portion  of  it  is  used  to  develop  the  bias. 
This  scheme  has  worked  well  and  has  been  applied  in  a  modulator  to 
be  described  later  in  this  report. 

E.  Triggering 

A  single  medium  power  transistor  Is  capable  of  supplying  the 
necessary  drive  required  by  a  series  string  of  Trlnlstors.  For 
example,  a  Trinlstor  having  an  average  current  rating  of  seventy 
amperes  and,  switching  a  peak  current  of  1000  amperes,  can  be  trig¬ 
gered  by  a  2  volt,  100  milliampere  (200  milliwatts)  pulse.  The 
duration  of  the  pulse  must  be  sufficiently  long  to  permit  the 
Trinlstor  anode  current  to  reach  its  maintaining  value.  There  are# 
however,  several  ether  aspects  to  triggering  when  Trlnlstors  are 
operated  in  series.  The  most  Important  consideration  Is  the  D.C. 
Isolation  which  must  be  produced  between  gates  when  Trlnlstors  are 
connected  In  series.  This  may  be  accomplished  by  the  use  of  trans¬ 
formers,  as  shown  In  Figure  9»  A  single  transformer  with  multiple 
secondary  windings  can  also  be  used. 

IV.  CONCLUSIONS 

The  basic  principals  of  using  Trlnlstors  In  llne-pulslng  mod\ilators 
were  verified  in  several  laboratory  breadboards. 

A  l60  K'rt  modulator  was  built  to  prove  the  feasibility  of  switch¬ 
ing  high  peak  currents  with  Trlnlstors,  The  circuit  used  is  shown 
in  Figure  1**,  Figure  15  Is  a  photograph  of  the  actual  modulator 
cliassis. 

The  switching  Trlnlstors  used  In  this  chassis  vere  two 
Westlnghouse  8C9R,  50  ampere,  UOO  volt  units  connected  in  series, 

A  saturable  reactor  designed  to  give  a  3  microsecond  delay  was  used 
with  the  Trlnlstors.  A  single  C35D  (l6  ampere,  UOO  volt  Trinlstor) 
was  used  for  the  char"5.ng  Trinlstor.  A  one  ohm,  non-inductive  load 
resistor  was  used,  Tlie  output  was  a  1400  volt,  WO  amp,  5  microsecond 
pulse.  This  pulse  Is  shown  in  Figure  lU, 
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Another  nodiuator  waa  built  using  20  Trinlatora  in  series 
as  the  switch  element.  The  purpose  of  this  circuit  was  to  prove  the 
feasibility  of  using  a  large  number  of  Trinistors  in  series. 

Figure  l6  shows  the  circuit  used.  Figure  17  shows  the  actual  bread- 
beard.  model  with  output  puLae  transformer  and  load  resistor. 

The  20  switching  Trinistors  used  In  this  circuit  were  l6  ampere, 
2)0  volt  units.  Ten  3  ampere,  250  volt  Trinistors  connected  in  series 
were  used  for  charging. 

A  peak  power  output  of  200  KW  was  obtained  by  switching  100 
amperes  at  UOOO  volts  with  the  Trlnlstora.  Three  different  PFH's 
and  pulse  transformers  provided  operation  with  pulse  widths  of  I,  5» 
and  100  microseconds.  The  turns  ratio  of  the  pulse  transformers  was 
1:8,  providing  a  peak  amplitude  of  l6,000  volts  for  the  output  pulse. 

If  the  features  of  these  various  experimental  circuits  were 
combined,  very  high  powers  could  be  obtained.  For  example.  If  20  of 
the  70  ampere,  700  volt  Trinistors  were  used  in  series,  a  peek  power 
output  of  7  megawatts  could  be  obtained.  Even  higher  powers  could  be 
obtained  with  Trinistors  having  higher  voltage  and  peak  current 
ratings. 

The  results  of  this  work  have  shown,  therefore,  the  feasibility 
of  high  power,  solid-state  line -type  modulators.  The  use  of  n 
saturable  reactor  enables  the  Trinlstor  to  switch  peak  currents  which 
are  10  to  20  tiroes  its  average  current  rating.  High  voltage  ratings 
ore  obtained  by  series  strings  of  Trinistors,  Reliable  resonant 
charging  and  turn-off  of  the  switching  Trinistors  can  be  achieved  by 
using  Trinistors  Instead  of  a  charging  diode,  Cate  bias  has  been  used 
to  reduce  transient  effects  on  Trinistors.  The  combinations  of  these 
Ideas  con  vary  to  cult  the  particular  application. 
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Figure  6.  Basic  Solid  State  Pulse  Circuit  with  Charging  Trlnlstor 
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Figure  10.  Series-Connected  Trlnlstors  with  Zener  Dli)dc  Voltage  Divider 


Figure  14,  160  KW  Modulator 
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Figure  16.  20  Trlnlf 'or  Switch  .Schematic  Diagram 
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TWO  EXi^’KRlMF.NTAL  SKMICOHDUCTOR-MAGNETIC 
PULSE  MODULATOrcS 

by 

R.  Jordan,  C.  Price,  and  L.  Swiiit 

FJlcctronlc  Syulcmy  Laboratory 
Ma ■  aachuiietto  Inatitutc  ul  Tcc))nologf 
Cambridge  39,  Xlaaaacbuactta 

J,  INTRODUCTION 

For  several  yearn  an  iiivcotigatlun  at  tbc  M.LT.  Electronic 
SystemB  l  abor  atory  li.»»  been  dlrcctvd  toward  dcveloj>iiig  airborne  pulao 
niodnlatora  which  arc  Biiiall  and  li^Titweight,  and  operate  reliably  and  with 
high  cIIi<'icMcy.  Thanku  to  new  ar rnlconductur  devices  and  square-loop 
rnagnetic  materials  the  study  has  led  to  the  design  ol  modulators  which 
posjcfls  thc:;c  chii  a.,loi  iotioo  to  a  greater  degree  than  previously  luiowM 
typuM,  The  basic  modulator  circvilt  (hat  has  evolved  can  be  tailored  to  • 
wide  range  ol  output  j>owcro,  pulso  widths,  and  power-supply  requireinents. 

The  oj)c rating  princljdca  and  nome  design  conHidorations  pertinont 
to  eetnlconductor-magnctlc  modulators  arc  preoented  here  In  a  discussion  of 
two  recently  dculgncd  circuits.  The  first  has  been  designed  to  generate  Z-kw 
(kilowat(«)  average  ovitj>vit  jiowcr,  end  is  intended  for  operation  from  a  400- 
cps  a  'C  power  lino.  Tlic  second  circuit,  intended  to  operate  frotn  s  battery 
or  dc-to-dc-converler  i<owor  supply,  is  cajiablo  of  160  watts  average  power 
output.  Experimental  data  obtained  front  tests  on  the  tests  on  both 
modulators  arc  also  Included. 

II.  IJAMC  OPERATING  PRINCIPLES 

A  simplified  circuit  diagram  ajjpllcable  to  both  modulators  appears 
In  Fig.  la.  Energy  derived  fioin  an  unregulated  d-c  power  supply  Is  de¬ 
livered  to  a  t ransiii lit ing -tube  loa»l  as  brief  pulses,  'J'he  tiiodulator  circuit 
generates  tlie  desired  output  jnilse  in  three  distinct  steps  (refer  to  F'igs.  lb, 

Ic,  and  Id): 
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Fig.  1  SlfTTplifiecJ  ClfcuiJ  Dlngram-Modu'oror  with  Source  and  Lood 
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Step  r.  Energy  is  drawn  fronn  an  unrcgiiTatcd  cotirce  (battery, 
transformor-rectifier-filler,  etc.)  to  charge  a  low- 
voltage  ene rgy- storage  capacitor.  The  charging  time 
is  somewhat  less  than  the  interpiilse  period.  An 
energy-regulator  circuit  assures  tliat  despite  supply- 
voltage  fluctuations  the  capacitor  receives  the  exact 
amount  of  energy  required  to  produce  a  single  output 
pulse  and  to  supply  circuit  losses. 

Step  11.  A  semicouductoE  switch  is  triggered  closed,  and  the 
energy  is  transferred  from  the  low-voltage  capacitor 
through  a  saturable  voltage- step-up  transformer  to  a 
high-voltage  capacitor.  The  discharge  time  is  only  a 
few  times  greater  than  the  duration  of  the  output  pulse. 

Step  III.  The  transformer  saturates  and  tin:  shunt  inductor 

switches  out  of  saturation  (i.  e.  ,  the  inductor  becomes 
a  higli  impedance),  discharging  t)ic  iiigh- voltage  capac¬ 
itor  through  a  linear  pulse-forming  network  and  into 
the  load.  A  rectangular  output  pulst;  appears  across 
the  load, 

A  more  det.iiled  discussion  of  circuit  operation  is  given  in  the  sections 
that  follow. 

The  principal  advantages  of  this  circuit  stem  frona  the  pulse-energy  reg¬ 
ulator,  which  assures  pulse-to-pulse  uniformity  in  time  and  amplitude,  and 
from  combining  cemiconductor  and  magnetic  sv/itcliing  elements  to  achieve 
pulse-time  compression,  which  results  in  a  modulator  that  is  unusually 
lightweight,  efficient,  and  reliable. 

The  next  tv/o  sections  describe  in  detail  the  operation  of  two  modulators, 
each  with  a  different  application  but  both  with  the  basic  circuit  of  Fig.  la. 

HI.  2-KW  MODULATOR 

The  basic  circuit  of  the  modulator  described  in  this  section  can  be  used 
in  a  wide  variety  of  pulscr  applications  where  primary  power  is  supplied  by 
an  a-c  line.  The  principal  difference  between  tliis  circuit  and  the  one  de¬ 
scribed  in  Sec,  IV  is  that  each  uses  a  different  l;ind  of  energy  regulator. 

The  d-c  power  for  the  modulator  described  in  tliis  section  is  provided  by  an 
ac-to-dc  power  stipply  with  a  simple  inductance-capacitor  filter  output. 
Under  those  circumstance  s  an  energy- regulator  circuit  can  be  designed  that 
returns  excess  energy  to  the  d-c  power  supply,  rather  than  dissipating  it-- 
a  technique  that  leads  to  high  regulator  efficiency. 

The  Component  values  given  in  Sec.  D,  below,  were  determined  for  a 
rno<lulator  intended  to  produce  2-kw  average  output  power  in  2-microsecond, 
l-megav/att  pulses. 


A.  Circuit  Operatioir 

A  simplified  schematic  diagram  of  the  2-kw  modulator  appears  in  Fig.  2. 
Voltage  waveforms  for  a  typical  pulse  cycle  are  given  in  Fig.  3,  and  opera¬ 
tion  of  the  circuit  is  described  below. 

The  pulse-generation  cycle  is  initiated  when  the  energy  regulator  is  trig¬ 
gered.  When  silicon  controlled  rectifier  (SCR)  is  triggered,  energy  is 
transferred  from  the  d-c  newer  supply  to  through  the  primary  winding  of 
inductor  L..  At  time  tj  |see  Fig.  3a),  when  reaches  the  desired  volt¬ 
age  E  ,  reference  Zener  diode  D  conducts,  triggering  the  ’’stop"-trigger 
pulse  generator.  The  slop-trigger  pulse  fires  Sj  ,  connecting  the  secondary 
winding  of  L  across  the  power  supply.  Tlie  turns  ratio  of  L.  is  chosen  so 

that  when  S,  switches  on.  v,  decreases  to  a  value  less  than  E  .  The 
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reverse  voltage  thus  applied  across  forces  it  to  turn  off.  Any  current 
in  the  pi'imary  winding  of  L  is  transferred  to  the  secondary,  so  that  energy 
stored  in  L  at  t^  is  returned  to  the  po^ver  supply  (see  Fig.  3q).  After  all 
the  energy  stored  in  L  is  returned  to  the  source,  the  .supply  voltage  turns 
Sj  off.  At  th's  point  the  energy- regulator  cycle  is  over  until  the  next  pulse 
cycle  begins. 

Shortly  after  becomes  fully  charged,  the  parallel-series-connected 

bank  of  SCR's  S^,  .  .  .  ,  Sg  is  triggered  (at  time  in  Fig.  3d).  In  order 
to  avoid  excessive  power  dissipation  in  the  controlled  rectifiers  v/hile  they 
are  .switching  from  the  nonconducting  to  the  conducting  state,  the  saturable 
inductors  L^,  L^,  and  Lg  present  a  high  impedance  so  that  conduction  is 
delayed  for  the  few  microseconds  (t^-t^  in  Fig.  3a)  required  for  the  con¬ 
trolled  rectifiers  to  turn  on  completely.  The  cores  of  the  inductors  have 
square  B-II  loops  (as  shown  in  Fig.  h)'*  and  are  biased  at  some  point  A,  in 
negative  saturation  with  respect  to  .  At  t^  the  inductors  have  absorbed 
sufficient  volt-time  integral  to  become  positively  saturated  (and  hence,  low 
impedances),  so  E^  is  applied  to  the  primary  of  transformer  T.  The  core 
of  T  is  negatively  saturated  (point  D  in  Fig.  4),  so  T  bt;have3  initially  as 
a  linear  transformer;  and  is  resonantly  charged  by  through  the 

saturated  inductances  of  L^,  Lg  in  the  primary  cirevut  and  the  saturated 

inductance  of  in  the  .secondary  circuit.  At  t^,  when  v^  has  reached  it# 

maximum  value  in  Fig.  “ib,  the  transformer  core  switches  into  positive 

saturation  and  the  secondary  winding  assumes  a  low  impedance.  Inductor 


'1  he  5-H  loops  for  all  the  cores  of 
identic  al. 


L  ..  L. 


^5' 
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L/  ,  and 
o 


T  in  Fig.  2  are 


A  .  ' 
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is  negatively  saturated  with  respect  to  i  ,  aiui  is  effectively  an  open  circuit. 
Thus  is  connected  in  series  with  the  saturated  T  secondary,  the  pulse¬ 
forming  network  tank  circuit,  and  the  load,  so  energy  stored  in  ift 

delivered  to  the  load  as  a  rectangular  pulse  of  width  (t^  -  t^)  (see  Fig.  3c). 

Before  a  new  pulse  cycle  can  begin,  a  reverse  volt-lime  integral  must  be 
applied  to  each  saturable  core  to  reset  it  to  its  original  state  of  saturation. 
This  is  accomplished  by  a  bia-i  circuit  consisting  of  a  bias-current  supply 
and  a  separate  winding  on  each  saturable  core.  The  bias  circuit  prevents 
the  currents  i^,  i^,  and  from  becoming  zero  until  sufficient  volt-time 
integral  has  been  provided  for  each  core  by  linearly  changing  vcllagcs  on  C.. 
and  .  The  variation  of  capacitor  voltage  resulting  from  the  bias  current 
during  the  resetting  period  is  shown  in  Figs.  3a  and  3b  for  a  magnetron  load, 
which  is  an  open  circuit  during  the  resetting  interval. 

P.  De  sign 

The  Component  values  in  any  modulator  depend  upon  the  output  pulse  re¬ 
quirements  and  the  nature  of  the  load.  The  design  of  the  circuit  of  Fig.  2 
proceeds  from  output  to  input  in  the  sequence  of  steps  outlined  in  this  section. 

1.  Pulse -Forming  Network.  The  modulator  is  designed  to  operate  with  a 
a  magnetron  load.  Modulator  output  requirements  are: 


Magnetron  impedance  R, 


79  ohma 


Pulse  energy  .  .  . 2  joules 

Pulse  duration  (^5  "*4)  . ^  mic ro.seconds 

Pulse  repetition  rate  (F) . .  .  1000  p\ilses  per  second 

The  pulse -forming  network  (PFN)  in  Fig.  2  is  a  two-stage  Guillerriin 
type^  and  comprises  C^,  and  the  saturated  inductance  of  the 

transformer  secondary  winding.  The  network  is  designed  to  produce  an  ap¬ 
proximately  rectangular  output  pulse.  The  PFN  clement  values  are  deter¬ 
mined  from  Reference  1,  and  arc  completely  specified  by  the  load  impedance, 
pulse  duration,  pulse  rise  time,  and  pulse  shape  desired. 

2.  Pulse-Compression  Network.  The  wlume  of  each  of  the  cores  for 
L^,  and  T  of  Fig.  2  is  constrained  by  the  total  volt-time  integral 

each  of  the  cores  is  required  to  absorb  before  saturating  and  by  the  saturated 
inductance  desired  of  each  winding.  From  these  considerations  it  can  be  • 
shown  that 


G.  M.  Glascoc  and  J.  V,  Lebacqz.  Pulse  Generators,  M.  1.  T.  Radiation  Lab¬ 
oratory  Series,  Vol.  5,  Chapter  6.  McG'raw-HiTl  Book  Co.  ,  N.  Y. .  1948. 
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where  V 


4-6'  ^2' 


T 
and 


[  “.'V  J 


(3) 


'T‘  - - 4-6 

and  saturated  inductance  of  inductors  L 


L^,  are  respectively  the  core  volumes 


4-6* 


and  the  saturable  transformer 


secondary,  and  and  X  represent  respectively  the  core-material 

properties--saturated  permeability,  saturation  flux  density  (see  Fig.  4),  and 
stacking  factor.  In  Eq,  3  it  can  be  shown  that  (*^^*  *3)  function  of  the  in¬ 
dependent  variables  and  E^,  and  all  other  quantities  are  deter¬ 

mined  from  the  output  pulse  shape  and  the  type  of  core  material  used. 

Values  of  the  variables  arc  selected  according  to  one  of  a  number  of  op¬ 
timization  criteria  (e.  g.  ,  mihimum  cost ,  minimum 'veight,  or  maximum 
efficiency)  that  have  been  developed.  The  maximum  efficiency  criterion  was 
used  in  the  design  of  the  2-kw  modulator. 

The  combined  losses  of  the  transformer  T  and  tlie  controlled  rectifier 
switches  S^,  .  ,  .  ,  Sy  in  Fig.  2  may  be  written  as  a  function  of  (^4  ”  *3)? 
when  (^4  “  *3)  ^  microseconds,  these  losses  are  a  “linimum,  A  value  of 

660  volts  was  selected  for  E^,  and  and  ^  were  chost  li  as  respectively 
0.  57  X  10  ^  and  0.  4  x  10  ^  henries,  so  that  the  total  core  volume  of 
L.J,  and  Ly  is  minimized. 

Another  consideration  in  selecting  the  saturable  reactor  cores  is  that  the 
window  area  must  be  large  enough  to  accommodate  tlie  wire  in  the  windings; 
in  the  case  of  and  T,  additional  space  had  to  be  provided  for  high-voltage 
insulation. 

The  value  of  (10.  0  microfarads)  depends  upon  the  required  output  pulse 
energy  and  the  regulated  voltage  E^ 


The  number  and  configuration  of 

V 

controlled  rectifiers  (S,  ,  .  .  .  ,  S_  in  Fig.  Z)  in  the  pulse-comprossion  net- 

3  o 

v/ork  is  determined  by  their  breakdown  voltage  and  root-mean- square  current 
(rms)  ratings  and  by  the  average  power  output  of  the  rnodulator.  Resistors 
R-..  .  .  .  ,  Rg  are  voltage  dividers  which  ensure  that  each  SCR  blocks  its 
share  of  the  voltage  E  on  C7, 

2US 


Ii  should  be  recognized  thaf  the  design  procedure  outlined  above  does  not 
result  in  a  modulator  having  absolute  maximum  efficiency  since  only  the 
combined  losses  of  S^,  -  -  *  •  ^8  •  ^  were  minimized.  The  analysis 

required  to  determine  parameters  that  assure  minimum  total  loss  is  ex¬ 
tremely  lengthy,  and  experience  has  shown  that  the  use  of  the  alternative 
procedure  described  here  gives  nearly  the  same  results. 

3.  Energy  Regulator.  The  dashed  waveforms  in  Fig.  3d  show  the  vari¬ 
ation  in  power-anpply  current  when  the  d-c  supply  voltage  has  both  the 

highest  (Ejj)  and  the  lowest  values  for  which  regulation  of  the  energy 

delivered  to  C.^  is  desired.  If  the  regulation  range  a  =  E^/E^  is  known, 
the  design  of  the  regulator  components  can  be  accomplished;  the  basic  re¬ 
lationships  which  must  be  satisfied  are  summarized  here. 

(a)  hi  order  that  cease  charging  when  reaches  for  all  values 

of  supply  voltage  between  Ej^  and  E^.  the  anode -to- cathode  voltage  across 
in  Fig.  2  must  be  positive  just  before  the  stop-trigger  pulse  occurs  and 
v^  must  be  greater  than  jvist  after  S.  is  triggered.  If  E^  is  taken  to 
be  than  it  can  be  shown  that  these  conditions  are  satisfied  when 


where  is  the  turns  ratio  of  the  two-winding  inductor  L. 

(b)  The  pulse  period  l/F  must  exceed  the  maximum  total  time  required 

to  charge  and  to  return  the  energy  stored  in  L  to  the  power  supply. 

The  maximum  occurs  when  E  =  E,  :  hence  from  Fig.  3d  it  follows  that  . 

Bn 

T  i  <5) 

(c)  The  maximum  amount  of  energy  is  stored  in  the  airgap  of  L>  at 

tV  in  Fig.  3d,  when  E  =  E,  ,  Therefore  the  airgap  volume  V  must 
I  "  '  8  h  °  g 

satisfy  the  relation 


where  is  the  pernreability  of  air. 

(d)  In  order  to  prevent  saturation  of  the  magnetic  material  the  volt-time 
integralacross  the  primary  of  L,  must  be 


(7) 


whore  i,,  is  the  current  when  E  ^  E  (see  t'iu.  3d),  N,  in  the  number  of 
1)1  s  li  ”  L 

tu’TiS  ot:  the  primary  wiiuling  of  L,  is  the  cere  cross-sccticn  area,  and 

L,  is  the  primacy  iiidMetan.ee. 

(c.)  The.  airoa  of  tlie  wire  A  in  each  winding  of  L  is  limited  by  the  rma 

current  1  in  th.c  winding  and  is  given  by 

rins  . 


wnore  is  Ihc  <.  ur  rout-*  ar  tying  cap.itily  of  the  wire  in  amperes  per  unit 


IV.  160- V.’ATT  modulator 
A  ,  C)pe  r  I'l  t  i  c  n 

The  bafiie  circu't  of  a  160-vati  scniiconductor-rriagnctic  modulato  r,  de  ¬ 
signed  to  C/perate  with  battery  j.-i  iine  power,  is  shown  schematically  in  Fig.  5. 
Circeif  epe ration  io  very  sx'.ii’ar  to  tl-.at  of  tlie  circuit  of  Fig.  2  and  the  wave- 
forme  ill  Figs,  3a  am)  3b  apply;  di-'fercnccs  between  the  two  circuits  ar  e 
di.^cu-sned  bclov/. 

'j  I  c  en<  -eynlator  circuit  in  Fig.  5  functione  differently  from  the  one 
un-d  ui  the  ^-r.w  modulator.  The  eni-rgy  stored  in  L  when  in  Fig.  5 
leai dice  (at  In  Fig.  3a)  is  not  returned  to  tl  c  power  supply,  but  in- 

al.ra<l  is  diusijiated  in  Zsner  diodes  ^^2  ^Zi"  triggered 

on  by  the  "8tup"-t  rigger  j.udse,  and  turn  off  and  the  current  i  in  Fig. 

6  becomes  r.erc;  however,  a  current  i,  still  c.xibt6  (see  Fig.  6)  in  the  in- 

J.S 

'Iuc*ci  L  by  vi/tuc  of  tlie  p-ith  jirovidcd  through  L,  S^,  ^ ^iid  • 

\V(i<  n  i  b.Tonirs  rero,  S,  t'.r'i.r  off.  This  tyjic  of  energy  regulator  ia 
used  bd  iiM^e  i.!';e  iiiodul.itor  power  .  anply  .s  ,x  b.iUery  which  will  not  recharge 
as  I)  ,  '-v'  •>'*  '-■"■■rg/  winild  oc  lerurrc-d  to  il.e  source  iii  the  circuit  of  h"ig,  2, 
fliys-r  regulati'.’n  f  ■■:'i  be  achi'.v';-!  v.th  tl.e  cirruil  o',  f  ig.  3  because 

ihc-  ij -Ir imenlal  effc-i  s  'if  Icakagi  .adneta  re  'n  the  w.  .cl'pgo  t'f  L  in  the 
r  gi  .ilor  (i’ig.  .3)  arc  not  prerent;  r?gul.u'ir  efficijiicy.  'love/er,  is  lower. 

' /!<:  rent  of  lir;  mod'.il  •tor  circuit  is  >>a.si  1  t'te.*  ■airu.  conf;g'ir-itio;i  as 
t)  2k\v  ciii.uit,  wilJi  tlie  ii  u.sf  iiat’ceablc  .affir-.iuc.*!  .ein’  s"  r  les- co.*'ic  •"  ter? 
(i  Mch.it;'e  SCll'i  S,  S.,  .'imi  .iiv'  an  .'tUiitional  t.iiiK  ciicni'.  in  lr<c  /'F.s, 


B.  Peaign 

1.  Pulse- Forming  Network.  The  160-watt  modulator  is  designed  to  op¬ 
erate  with  a  magnetron  load.  The  modulator  output  requirements  are: 

Magnetron  impedance  R,  ...  82  ohms 

Pulse  energy  . 0.  16  joules 

Pulse  duration  (t,  -  t .) . 1,0  microsecond 

5  4 

Pulse  repetition  rate  F".  .  .  .  lOCO  pulses  per  second 

The  pulse -forming  network  in  Fig.  5  is  a  three-stage  Cuillemiii  type ^  and 
comprises  C,.  C..  C^,  L.,  L.,  and  the  saturated  inductance  L  of  the 
transformer  secondary  winding.  The  network  is  designed  to  produce  an  ap 
proximateiy  rectangular  output  pulse.  As  in  the  case  of  the  2-kw  modulator, 
the  element  values  given  in  Fig.  5  have  been  determined  from  Reference  1. 

2.  Pulse -Compre ssion  Stage.  Equations  1,  2,  and  3  respectively  apply 

as  constraints  on  the  volumes  of  and  T  in  Fig.  5.  The  minimum- 

weight  criterion  was  the  basis  for  selection  of  the  variables  E^,  L^,  and 
Values  for  and  v/ere  chosen  to  be  resj>octively  27,0  and  4.3  micro- 
henrys  so  that  the  total  core  volume  of  L.,  L^,  and  T  is  minimized,  and 

was  selected  to  be  1250  volts  to  permit  the  use  of  a  physically  small 
capacitor  C2  (0.  2  5  microfarads). 

3.  Energy  Regulator.  The  dashed  waveforms  in  Fi.a.  6  show  the  variation 
in  inductor  current  ij^  in  Fig,  5  when  the  d-c  supply  voltage  has  the  extreme 
values  of  Ej^  and  ;  the  times  t^,  t^,  t^,  t  and  r  have  the  same  signif¬ 
icance  as  in  Fig.  3d.  The  definition  of  the  regulation  range  a  is  the  same 
as  for  the  circuit  of  Fig.  2,  and  Eqs.  5,  6,  7,  and  8  must  be  s.^tisfied.  In 
addition,  by  the  same  reasoning  employed  in  deriving  Eq.  4,  it  can  be  shown 
that 

V  .  ^  (2  .  a)  (9) 

where  V  is  the  combined  reference  voltage  of  and  D_,. 

The  supply  voltage  PJ  is  much  higher  than  in  the  2-kw  modulator.  Hence 
a  series  bank  of  controlled  rectifiers  and  is  r  .qulrcd  to  realize  the 
proper  breakdown- voltage  rating  for  the  scrniconductoi  switch  in  the  pulse- 
energy  regulator  stage  of  Fig.  5.  Resistors  R.^  and  are  voltage  dividers 
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Fig.  6  Inductor  Current  in  Fig.  5  Versus  Time  for  Different  Voloei  of 
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Fig.  7  Experimental  Model  of  160-Watt  Modulotor 
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which  ensure  that  each  SCU.  blocks  its  share  of  the  total  vettapsb 

V.  PERFORMANCE  CHARACTERISTICS 
A.  160-Watt  Modulator 

The  160-watt  modulator  circuit  shown  in  Fig,  5  has  been  constructed. 
Preliminary  test  data  are  reported  here;  as  of  this  writing  a  complete  eval¬ 
uation  of  the  circuit,  and  some  needed  minor  parameter  adjustments,  have 
not  been  made.  An  a-c  driven  d-c  power  supply  capable  of  providing  an  out¬ 
put  voltage  in  the  range  600-900  volts  was  used,  and  the  load  was  simulated 
with  an  82-ohm  resistor.  A  photograph  of  the  apparatus,  excluding  the  power 
supply,  appears  in  Fig.  7.  Oscillographs  of  several  voltage  waveforms  in 
the  circuit  are  given  in  Figs.  8  through  13, 

Figures  8,  S.  and  10  show  the  vari.ation  of  Vj^  in  Fig.  5  for  several  dif¬ 
ferent  values  of  the  source  voltage  E  .  In  Fig.  8  v,  is  a  nearly  perfect 

ft  JLa 

half  cosine  beginning  at  t  and  ending  at  t  (see  Fig.  3a);  F  nas  the  value 

O  J  ft 

E^  which  is  just  sufficient  to  charge  C^  to  the  regulated  voltage  ^ 

Figs.  9  and  10  the  regulating  action  provided  by  the  energy  regulator  shows 
up  as  the  siiarp  discontinuity  in  the  negative  portion  of  each  waveform  at  tj, 
at  which  point  C^  ceases  charging  and  the  voltage  across  L  is  the  combined 
Zener  reference  voltage  of  ^2.Z  ^23'  energy  stored  in  L 

has  been  dissipated  and  Vj^  becomes  zcio. 

Figure  11  show.s  the  variation  of  as  is  charged.  The  abrupt  break¬ 
over  at  E^,  the  maximum  voltage,  results  when  the  energy  regulator  inter¬ 
rupts  the  charging  circuit.  As  is  discharged,  varies  as  in  Fig.  12. 

Figure  13  shows  the  output  voltage  pulse  shape  when  the  energy  is  de¬ 
livered  to  a  resistive  load. 

The  energy-regulator  circuit  restricts  the  change  in  to  be  from  1200 

to  1260v  when  the  d-c  power-supply  voltage  E  varies  from  E  .  (900v);  most 

O  i 

of  the  increase  in  E  occurs  when  E  is  in  the  800-  to  900-volt  range. 

The  regulation  range  a  was  chosen  to  be  1.  5. 

The  overall  efficiency  of  the  circuit  in  Fig.  5  varies  from  approximately 
45  percent  when  E^  ;  to  approxim.ately  70  percent  when  E^  c  E^  . 

The  total  wciglit  of  circuit  components  shov/n  in  Fig.  7,  including  heat 
sinks,  is  5  pounds. 
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B.  2-kw  Modulator 


A  breadboard  version  of  the  2-kw  modulator  shown  schematically  in  Fig„ 
2  has  been  constructed.  A  photograph  of  the  breadboard  exclusive  of  the 
power  supply  is  shown  in  Fig.  14,  A  three-phase  a-c  driven  275-volt  d-c 
power  supply  was  used  for  testing  the  circuit,  and  the  load  was  simulated 
V. ith  a  /9-ohm  resistor.  Oscillographs  of  several  important  voltage  wave¬ 
forms  appear  in  Figs,  15  through  20. 


Fig- 14  Ej^perimentol  Model  of  2-kw  Modulofor 

Figure  16  hows  the  time  variation  of  Vj  (see  Fig.  2).  The  voltage 
has  the  value  until  is  triggered  at  (see  Fig.  3)  after  which  Vj 

becomes  identical  to  v^,  the  voltage  across  the  low-voltage  storage  capacitor 
.  The  waveform  shows  the  voltage  build-up  during  the  charging  of  . 

^1  ^2  is  triggered,  thus  lowering  v^  to  a  value  lees 

than  E^;  this  aiTion  cau.ses  to  turn  off  and  v^  remains  at  the  regulated 
value  “q  •  .'flei  ail  me  energy  stored  in  L  is  returned  to  the  power  supply 
at  T  (see  tig,  16),  again  assumes  the  value  of  •  In  the  oscillograph 
the  Second  value  of  E^  is  less  than  the  first  because  in  the  power  supply 

has  not  fully  charged.  Figures  15  and  17  show  the  variation  of  v.  when  'S 

1  8 

has  respectively  smaller  and  larger  values  than  in  Fig.  16.  In  the  limiting 
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case  shown  in  Fig-  15  is  Just  srifficient  charge  to  the  mil¬ 

age  ;  therefore,  no  energy  regulator  action  is  required  and  does  not 
trigger. 

Figures  18,  19,  and  20  9how  voltage  waveforms  similar  to  those  in  Figs. 
11,  12,  and  13  respectively.  There  is  more  ripple  in  the  output  pulse  of  Fig. 
20  than  in  that  of  Fig.  13  because  the  2-kw  modulator  has  one  less  PFN  stage 
than  does  the  160-watt  modulator^  and  the  2-kw  load  was  mismatched  by 

The  overall. efficiency  of  the  circuit  in  Fig.  2  is  estimated  at  approx¬ 
imately  80  percent  for  all  values  of  between  Ej^  and  E^.  The  estimate 
is  based  on  a  calculated  efficiency  of  95  percent  for  the  energy  regulator  and 
a  measured  efficiency  of  8C  percent  for  the  discharge  network.  The  smaller 
efficiency  of  the  160-watt  modulator  is  caused  by  power  dissipation  in 
and  ^2,‘i  that  circuit  and  relatively  high  switching  losses  in  the  magnetic 
cores  and  capacitors  of  the  pulse-compression  network. 

The  total  weight  of  the  breadboar'*  circuit  shown  in  Fig,  14  is  15  pounds. 
With  the  power  supply  included  the  total  modulator  weight  is  25  pounds. 

VI.  conclusion 

The  circuit  techniques  described  here  permit  the  design  of  rugged  light¬ 
weight,  reliable,  compact  pulse  modulators.  While  only  two  working 
examples  arc  presented  here,  other  circuits  have  been  constructed  that  are 
only  one-third  the  weight  of  conventional  circuits  with  the  same  output  char¬ 
acteristics. 

A  detailed  report  covering  all  phases  of  semiconductor-magnetic  modula¬ 
tor  operation  and  design  is  in  preparation  by  Mr,  Rolando  Jordan,  and  should 
be  completed  later  this  year. 
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so  fliat  the  electrons  rotate  in  a  helical  path.  Magnetic  miri-ors  confine  the 
ends  o£  the  helix,  so  that  the  rotating  cli'ctroas  iorna  a  cylindrical  layer. 

The  magnetic  field  associated  with  this  rotating  electron  current  will 
confine  a  plasma.  The  plasma  will  be  heated  by  collisions  with  the  rotating 
electrons.  In  this  maiir.cr,  conditions  making  possible  thermonuclear  reac¬ 
tions  will  hopefully  be  obtained- 

The  requirements  for  the  pulsed  electron  beam  are  a  beam  of  200 
amperes  at  5  Mev  ±0.57«  with  the  regulated  portion  of  the  beam  at  least  0.25 
jisec  wide  and  the  beam  turn-on  time  less  than  100  nanoseconds. 

A  linear  magnetic  induction  accelerator  will  be  used  to  accelerate  the 
electrons  to  the  proper  energy.  The  electrons  will  be  accelerated  by  induc¬ 
tion  as  they  pass  through  a  series  of  pulsed  magnetic  core.a.  The  action  of 
the  pulsed  core  on  the  electron  beam  is  analogous  to  that  of  a  pulse  trans¬ 
former.  The  accelerator  i.s  divided  into  several  sections,  each  section 
consisting  of  d8  cores.  Each  core  must  be  e.xcited  to  a  voltage  of  12-kv  with 
a  flat  fop  pulse,  that  is  250  nsec  wide. 

In  order  to  maintain  the  accelerator  gradient,  the  cores  had  to  be 
limited  to  1/2-inch  thickness.  To  support  the  volt  -  secoiuis  reouired,  the 
core  build-up  is  S  inches-  ince  the  accelerator  column  must  pass  through 
the  cores,  an  8-iiic'h  inside  diameter  was  required. 

To  pulse  magnetic  cores  at  these  short  pulse  widths,  very  high 
exciting  currents  are  required.  The  maximum  current  is  2,i)00  amperes. 

Each  core  is  excited  by  a  line-type  modulator^  using  a  type  5949A 
thyratron.  The  impedance  match  to  the  core  is  achieved  by  using  a  one-turn 
primary  winding.  Since  the  magnetizing  current  is  not  constant,  compen¬ 
sating  n-.*twork3  are  utilized  to  produce  the  required  current  waveshapes. 

Investigation  of  various  core  materials  at  this  pulse  wjdth^  found  that 
a  l-mil.  50%  nickel- iron  tape  wound  core  would  be  a  sat i sfacto’-y  choice. 

REQUIREMENTS  OF  TRIGGER  SYSTEM 

Since  each  core  must  be  excited  simultaneously,  a  system  that  would 
sin\ultancously  trigger  500  thyrattons  was  needed.  Since  each  thyratron  has 
its  own  individual  firing  delay,  compensations  must  be  made  on  an  individual 
basis.  An  anal'  sis  of  anode  delay  vs  trigger  voltage  and  waveshape  indictited 
that  a  firing  voltage  of  over  2  kilovolts,  with  a  pulse  duration  of  at  least  400  I 
nanoseconds,  was  required  (figure  1).  The  rise  time  of  the  trigger  pulse  at 
the  grid  ol  each  thyratron  should  be  a  maximum  of  100  nanoseconds.  Since 
each  thyratron  grid  is  t.-rminated  in  50  ohms,  the  cfiuiva.lent  load  resistor 
for  500  thyratroiis  would  be  0.1  ohm.  For  a  2,000 -volt  pulse  this  represents 
40  Mw  of  peak  pewer- 

Magnetic  modulators  offer  a  reliable  method  of  oroducing  'nigh -powe  r  , 
short -dur  itiori  jiulsed  at  repeiitioii  rates  of  60  pps.  The  accelerator  cores 
being  constructed  of  a  square  loop  materia^  of  .sufricicntly  thm  gauge, 
offered  a  source  of  modulator  cores. 

Two  basic  avenues  of  approach  to  trigger  gep.'ration  arc  possible.  The 
first  is  to  produce  the  output  pulse  at  a  high  voltage  and  liigh  impedance  and 
then  use  transformer .s  to  reduce  the  voltage  to  the  proper  operating  p.oint. 

The  second  is  to  produce  the  triggers  at  their  final  value  and  trigger  all 
thyratrons  directly.  Doth  approaches  have  been  investigated. 
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PRINCIPLES  OF  OPERATION  OF  MAGNETIC  MODULATORS 


The  theory  of  operation  of  rnagnetic  tiiotjMl.i.tor s  arid  the  conditions  foi 
optimum  operatioii  have  been  described  in  many  reports.  The  basic 

principles  governing  magnetic  modulator  operation  can  be  simply  described 
by  reference  to  figure  2. 

Capacitor  Ci  is  initially  charged  to  voltage  E.  At  time  tQ  the 
electronic  switch  Sj  is  closed.  Capacitor  Cj  will  then  discharge  into  the  • 
series  resonant  circuit  consisting  of  L^,  Cj,  and  R  Cj  and  C^  are 

equal,  the  energy  stored  in  C^  will  be  transfered  to  during  the  first  half 
period  of  the  resonant  cycle. 

Saturable  reactor  is  initially  biased  to  negative  saturation,  thus 
having  a  high  impedance  to  current  flow  from  C>  to  C3.  Reactor  L>  is  de¬ 
signed  to  saturate  when  capacitor  C^  is  fully  charged.  This  will  occur  at 
time  tj . 

Satviralion  of  L,^  discharges  C^  into  tlie  resonant  circuit  formed  by  the 
saturated  inductance  of  C^,  and  C3.  If  the  capacitances  of  C^,  C^,  C3, 
and  the  output  pulse  forming  network  are  equal,  the  operation  of  each  stage 
is  similar. 

As  a  practical  consideration,  the  charging  time  of  the  pulse  forming 
network  should  be  a  miniirmm  of  five  times  the  network  delay.  The  opera¬ 
tion  of  the  output  stage  is  similar  to  that  of  ar.y  modulator  utilizing  pulse 
forming  networks.  The  saturated  inductance  of  L.j  ran  be  inchidcd  as  part 
of  the  pulse  forming  network  (PFN).  Output  pulse  width  and  rise  tijne  are 
then  determined  by  the  PFN  and  load  characteristics. 

The  impedance  o(  each  subsequent  stage  in  a  niagnctic  modulator  is 
lower  than  that  of  the  prec«.ding  stage.  This  results  in  each  energy  storage 
device  discharging  faster  than  it  was  chargcul.  A  magnetic  modulator  will 
thus  transforrci  a  long  pulse  of  low  peak  energy  into  a  narrow  pulse  of  high 
peak  energy.  Magnetic  modulators,  by  compressing  tlie  input  pulse,  have 
inherent  time  delay.  The  longer  this  delay,  the  higher  the  peak  power  gain 
of  the  modulator- 


Equations  Governing  .Modulator  Operation 
For  the  charging  cycle; 

V  =  y  ( 1  -  cos  wt) 


J _ 

•/Ec 

For  toroidal  reactors: 
L 


4  TT  A 


sat 


m 


sat 


1  0  he  n  ry  s 


The  time  for  each  reactor  to  saturate  is  governed  by  the  relation 

r  Vdl  ^  N  n  A  X  S.  F.  X  10‘® 

Jq  sat 

The  magnetizing  current  in  tiie  reactor  winding  .at  saturation. 
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.S  ituratcd  r.ori  *03'  il-lfy  <,f  core 
»  Cor*.  St.  kiny  factor 
=  Currcri',  amp^  re». 

I  Mayr  •tiriny  force  -it  Ofr.st<-da 

=  l-.croiuint  f rc'jv.'.-ocy 

-  :  a '.tj  ^  imliicl-ince  of  reactor 

:  '  er  of  .'itrns  on  core 

■  Cor^-  area,  .ctjuare  centinieler 
r  Me.iii  rnagtietic  j'alh,  <m 
=  Voll.tyo,  voltk 

-  tiri'ic,  sc'.coidi 


■1  ;•!!;  f;i  i  lc'i  .s  ut  i  iiiGCKii  .sv.siKt/  [■:n' I'-S  on 

MAGNOTIO  MOGL'i-A'l  ok.  HK-VIGN 

1  .u-  A'troa  'riyyir  ^.y■;tcI7^  ir.-jM  pro  i'Je  ;  if  e  r  •  f .  e  e  ir’.yycrs  to  SOO 
‘f)  i  (i.vri'i'-JHj  uiu*  r  .iuDU  of  Vi.riJlie  »  (.  pe  i  )t;or,  rair  operation. 

'1  li'  u  I  c  <•  .  II J  t )  1,1 1  the  r  el ..  I  i  V.-  'line  of  » r  .  i  -.'jI  of  e  ic  h  t  r  :,;y  t:  r  .it  t tie  tliy  ral  ron 
''iMh'  4  finaMi  \'.l  .a  i»t .  c  th'*  .iiiode  delay  ot  e,i<  h  ti;l,>i;  is  3  ianction 

■  ^  hH''^  V'llliip  ,  tti  ;  Ajii'i  at  eoltaye  o(  :i.e  •  r.yyi."  j.^e‘ i;i- r.itor  tuost  rcvoaitl 

toil  1.. If’  at  ail  repel  i'vioi;  rates. 

Jhetf  .•  i  .ev'iia  j>.»  r.iif  .ten  that  he  eloualy  cunt  roll  e'd  in  t'fder 

•  o  a,  iftain  oulp.i  ►  lal’tiitj  at  •'or’/mf.  rtpelition  r.itcs,  riH.’  energy  s’or<i£;e 
c."p  i'..fitt  I;  u(*i  l.avi*  Io‘  'p.  t ion  fa  1  tors  at  ihi-ir  aj-p  .rent  opeialitig 

re  ei;.' 1,1,  V  .  '»  he  I  ,;,;,t(ge»  i;i  o.pacitori  will  aifei'.t  Loth  the  outpi't  voltage 

a.’  )  li  e  Otrv:  of  t.,r  tr-yycr  a;,!,*' r.i. 

I  hf  l'i,nt  vyltii);.'  '<)  the  •ueg.’.et'C  ii.'Oe’ i.i a t o »  imiat  b.;  cloftcly  r^pulated. 

>/ .1 1  i.> '  i oi  1 1»  In  cli.i7j;c  i  will  caus  :  prop  irtional  cleingca  in  moclulaloy 

tk’-.y  lime  ao'l  output  voltogr,^^ 

'(he  iiia<,.i;l  ii:  prop',  rl  !*•  s  ot  uhe  iior  cores  must  be  inuintainetl 

const. lilt  uii'h'c  t.  oii'l  it  inna  of  va  ry  iiij;  core  Iu'»t>es.  outuratiou  flux  tleniily  atid 
(  oi  i;  louu  .lie  fu.ii.  I  ions  ofccri:  t-.-i  n  j)i' i  .i  tii  i  e  .  * '•’  'j'o  find  the  i.oniitions 

for  ot.ible  o)  • '*  r  .1 1 1  o  n,  s.il'ii  ilion  flrur  ili'iciily  and  core  lotifica  must  be 
iin.iiiui.  d  U'l'ler  actual  oi>._’ i  at  ing  eonditions.  1-  I'jin  these  dat.l  t}>c  cotding 
r  c  eu  A  '  d  I 'a  m  .i  i  lU  a  i  n  I  lie  i  e  <ju  i  i  e  d  Ic  in  j.i  -  r  .i  I  o  i'  e  1  i  i  j  o  t  s  l  a  n  be  t  a  I'- ttl  1 1  ed . 

lln-  comhinat  icii  of  high  jx.-ak  power  and  low  ovitput  imped  ince  required 
for  f  Ill  cl '  il  ■' lor ,  III  iKe  tlw  j;t  m  lalion  of  the  oUtj'ut  pulse  lioni  a  i.tnjde  (.oi'n 
V.lndiiig  <1  '  ffietdl  deoign  ]»roblelli.  'J'bis  ban  Ireeil  Molveil  by  dividing  the  lael 
Iv.o  il.igii  ol  t)ie  iiiodul.ilor  into  multiple  eli.innels  e.i  p.n.  Ll  u  i  i:  aiin 

J'iiIhi'  loi.niiig  n<  I o  I  ll  a  of  tlie'.c  cisii.nel'j  .ire  e  le  t  1 1  ie  .i  1  ly  isolated.  t  f.e 
s.itui  I,'  leactoi  windings  for  eacli  jtjp.e  .ire  all  wound  on  .a  con  inon  core. 
.Ml  i,l..iii.eli  are  tlieii  m.igie  t  ii  al  1  y  coupl'il  until  di'.ehargi;  id  Inal  Stage. 

’iVii..M  tii.;  i’ ...  41  e  t  O  i'  » I'l  t  V  r-4*  c  i- ,  llf-r  1 4  ■*  u  1 1  i  p!  i:  w  ; ; ; '1 1  f.  g  s  ;  e  *1 ’.  e  ou  p*l  ef  O'Ue  to 

tie.-  |l•d•lollun  of  core  pe  i  iiieab  lUt  y .  Iliis  results  In  no  cioys-lnlk  betwe.^n 
eh. one  la  4i(ti  /  eoie  />  .i  t  u  1 .1 1  ion .  Tini  ing  be  I  w  i  e  n  c  h.i  n  n  e  1  u  I  e  ;i  i.ii  n  c  e  c  :»;■  t  ,.nt 
B  ine  i;  s  ta  g''  d  1  s  i  li.i  i  gi;  1*1  got  e  l  lied  by  i.i'l  e  *■»  ( U I  4I t  ion. 

'llie  liiol.ilioii  I  (  (biiiiii  lu  .ifter  bt.ig"’  dineh.irge  lots  been  invc  tti|’,.>lcd 
flit  m  V 1-  I  al  1 1 1  oil  ul.i '  o  r  »  u  .  i  ii(;  I nul  I  ipb  c  i  nd  1  nj;  r  i  - ,i  c  to  1  a  .  In  all  i  .i  a e  p  it  h.A  1 
I4.  Ill  l./und  lobe-  .idi'i'ii.e  foi  ui.e  hi  .1  iiiullijile  tilqger  Byctein.  hir.ee  o.iei; 
e  1 1  <  iiie'  1  i  II  1  ll  1,1 .1  le  iJ  .t  f !  I  I  r  e.ii  I  Of  D  jiu  I  a  !  ion,  d  i  I  f  e  r  •:  nl  out  pu  t  pu  1  s e  B  e  a  n  hr 
CP  let.il'jd  by  tlie  s.iine  iiiodul.itcir,  willi  tin.  lime  uy  ik  )■  1  on  ic.  a  t  ion  piovided  by 
til'  aa  t  u  I  a  I  i  o  1 1  *  I  f  t  he  o  td  put  ri"  a  c  liir  .  1  .1 '  ■  1 1  0  i^ ,  (  u  1  t  i  njj  i  11  e  in*  c  h.l  nie,  I  ihr  not 

.1 1 1 1  I  I  till  oj'i  i.iliini  of  .iijj.*iiiil  ch.liinela  du)  ing.  (lie  tiiiie  of  tie*  oulp'd  puloe. 


AN  EXPfc:iUMENTAL  r2-MEGAWAT  V  T  r.C  ^iCOt'T-Al  OR 


In  order  to  investigate  the  feasibility  ji  rcr'3*  rxicti ng  a  fr^agnetic 
trigg«T  generator  at  a  liigh  voltage,  an  expe:  imcjn;  1  7  c.'ine  gi-.-.vatv,  single- 
stage,  magnetic  modulator  was  built.  A  sijnpi'l'nid  u’agiam  of  titiy  modula¬ 
tor  is  shown  in  figure  13. 

The  inp'ji  S'vitch  for  this  modulator  is  a  t/i'c  ra.tron.  In  this 

unit  tlio  thvratror!  is  op>erateQ  above  its  rating.  A  tinal  dcs ign  Nvv.uild  include 
several  inte  rn\ec' late  stages  for  reliable  ojx^ratioti. 

The  output  stage  is  divided  into  twelve  indivicji  al  i  har.aels,  each  having 
its  own  pulse  formi'.g  netwe-k  aitd  oulptit  v.  indiiig.  lijc  ci-  ,naei  is  designed 
to  produce  a  lO-kilovolt,  0.-.  microsecond  pulse  ir.  'a  ’aliel  50-ohra 

loads.  The  rombinad  output  impcdancfi  of  att  cTianr.  *'•  ahins.  For  a 
lO-kv,  0.4-p.sec  pirl.  o,  the  ])eak  output  power  if-  V  i  . -1  t,  jga  afis.  Operating 
at  the  rnaxinium  syrtem  repetition  rate  oi  6-0  pps,  1  l.e  a  ."  r.  output  power 
id  1714  watts.  Inipcv.aitce  matching  ti)  the  thvrat  on  gii  ci  :<  its  v'ould  be 
made  by  step-dow  i  cin'sc  t  ransfo ri ne- r  a. 

A  compar  's^ii  of  <iesign  and  ac’-cul  opi-ratirg  co  '.f  .-op  .  is  f h  iwn  in 
Table  I. 

Table  7.  f7pe  rat  i<:)n  of  7d-Mfg.. //alt  7'.'.i;,net'c  fd  du.'ao" 


Ite  n 


Drsigii  Operating 

V  alue  V;  lue 


r.:scha’‘ge  '.me  fur  input  eai-aciior 
C’  argr.  ti’-  i  for  PFN 
V-rtk  -  ii<,  .-ge  carre’it  ior  <-U  I’F.l'J 
j.-j"  re/iuiicd 

blagno  t  i/,  itig  f  .irce  at  core  satn rat  i<a» 
t/utput  p'-Jsc  width 
Output  ji'ulse  rise  time 
lAilso  amjilitude 


- 

?..27  r  ; 
a  70  i,  n  -> 

7>)  a  .mr-  ’  iriis 
20'.  9  v:t  p-  u.-if, 
'•.i  p.!c  : 

’ 22  ebe; 
i  0  •-  V 


2 . 2  j  psec 
/./'5  jifiec 

20  anip-turn» 
2 1 78  amp-turns 
0-46  psec 
125  nsec 
10  kv 


■Not  practically  rneauurtable 

'liilo  Module  oi  worked  ’"e  .  y  cleac  to  At  J;  :.  jg..  specifications.  The 
inosl  S  t  io'iB  difficulty  in  op'c ra t icn  v  as  iiuu'at  'o'i  1  reakclown  in  the  output 
wiii'liriga.  Ihiiv.-af,  ll.e  main  'oaooi  ildt  f  .e  ve!  O; 'n".  (  iP  of  Ih  is  modulator  was 
not  (•:- 1:  (id- ci  to  the  dcaip':  of  i  .to  ri'ud  iale  ntage-o. 

I/el  lilc  'j(  li.c  n  udul'tm  c-oin  ,rii.  tiur.  i:.  be  accn  m  f'gut.';  5. 

The  ou'put  fi;  a  c ‘o  r  del-  il  r  arc  h  ii  i.  n  .a  r  d  in  Tal,'!.'  II. 


T.rble  II.  / 2.  M' p.av  att  Outjiut  It....\clur 


N  ,  1 1  n  h  c  e  o  1  ■  '  » 

M  1 1  c  r  i  .1 1 

I  .1  id  r;  <1  r 

Iny  .cie  <■'  \a  -ne  tc  r 
I  li  i( A  . I 
t-’oli;  .lie  a 

fd-  .O'  d  ip  ..'.M  n;  Ic  nglli 
)  I  c  k  1 1  r  .1 .  'or 

t  /!'  ij/i  ,t  ’v'  II  !  hig  » 

I  '■  .V  4  ,11'  1  '.rig 


1-mil,  507»  II ic k e T  i ron  tape  woui’i 
15.5  inches 
8.5  iiicl'.cs 
0.5  inch 

11.25  s'piarc  vent  inicters 
U  1  . 6  c i; lit jiiic tc r s 


0.8 

1  2  e-uc  li,  3  tui  ns ,  Uo.  I  (i  A.  W  .  G. 
I  •.acli.  I  tuin.  in'o.  10  A.  W.  G. 


Core  Loss  and  Saturation  FTux  Dtinsity  Measurements 


- - - - I 

To  find  the  cooling  required  to  n'laintain  constant  magnetic  properties  | 
it  was  necessary  to  measure  the  core  losses  under  operating  conditions.  j 

Core  loss  can  be  measured  in  two  ways.  First,  the  core  can  be  operated  at  j 
a  constant  temperature  and  the  heat  generated  by  the  core  can  be  measured. 

The  second  method  is  to  measure  the  area  of  the  dynamic  B-H  loop.  '  j 

To  make  the  colorimeter  measurement,  cooling  ducts  were  placed  in  ! 

the  modulator  and  forced-air  cooling  was  used  to  stabilize  the  core  temper¬ 
ature.  Measurements  of  inlet  and  exhaust  temperatures  at  a  fixed-volume 
cooling  air  yielded  the  following  result, 

Mean  core  temperature  -  89"F 
Pulse  repetition  rate  -  60  pps 
Heat  generated  -  390  watts 

From  these  data: 

^  .  11^  watts  X  10^  390  X  10^ 

Cere  heat  mg  e  r  g.s /cc/cycle  =  ~-~r  =  6F3r33T75  x'oTS  X  81.6 

=  29.5  ergs/cc/cyclc 

Measurements  o'  dynantic  hysteresis  loops  at  various  temperatures 
are  shuwn  in  figures  6-11.  The  poor  resolution  in  the  oscilloscope  trace, 
is  cavi3e<l  by  the  different  writing  rales  at  various  portions  of  the  trace. 

Tlic  oscillations  are  parasitica  induced  in  the  monitoring  system. 

A  plot  of  core  loss  vs  temperature  is  shown  in  figure  3.  At  39  *F  the 
loss  is  27.7  cr gs/cc/cyclc .  The  values  of  tlie  core  losses  agree  within  the 
»;Xpvj  iiii..nlal  error  of  both  measurements. 

The  saturation  flux  density  measured  at  a  magnetizing  foice  of  340‘, 
oersteds  is  plotted  vs  temiicraturc  in  figure  4.  Saturation  flux  density  in¬ 
creases  approximately  0.1%  per  degree  Fahrenheit  for  temperatures  below 
lon'F. 


Temperature  Profile 

.Several  thermocouples  were  placed  on  the  output  reactor  core  in  orde^. 
to  measure  the  uniformity  of  heat  generation  in  the  core.  The  core  material, 
being  a  stainless  steel,  has  a  poor  tlieiinal  condacl iviiy.  Since  the  material-, 
is  l.iniinated  there  is  very  little  heat  flow  radially. 

The  modulator  was  pcriviitied  to  operate  without  cooling  for  a  period 
of  fifteen  minutes.  At  that  time  the  temjierature  profile  shown  in  figure  12 
was  recorded.  The  teinj>o  raturc  s  measured  at  the  same  radius  v.'crc  the 
same  for  each  core. 

'I'be  temiieraturo  of  the  core  incre.-ises  >vith  increasing  radial  distance. 
Meaburements  on  similar  cores  i;bc<1  as  jiulse  transformers  show  a  thermal 
profile  tliat  dec  re.i  sea  w  jth  increasing  r.idial  distance. 

In  pulse  transformer  operation  the  inner  laminations  receive  the 
gre-itect  excitation  since  tlioy  liave  the  shorteol  magnetic  path.  Higher, 
excitation  in  this  caoc  would  caus.j  more  core  loss  and  consequently,  higher 
lem pc  ra'urcs. 

bbie  tan  v/Mi.ili/e  the  c.iuoe  of  this  to  be  a.s  follows: 

In  .1  satur.ible  rc.iib'r  the  inm.T  him  in  |I  ions  reci.-ive  Die  gre.ifcbt  excitation. 
.Siiw.e,  in  Ibis  m>.di'  of  ojicr-ition,  Ibe  i  oir  ilrive  is  suffii  ient  to  i;auec  com¬ 
plete  h.ituration,  the  irnn-r  lamination  salufales  first.  An  mure  of  the  core 
0.)  I '1 1  a  ti- s  ,  a  H.i  t  u  r  .it  ion  \v vc  front  jiroj'.iga'e  s  radi.-.lly  from  Die  inner 
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Famination.  As  this  wave  moves  outward  tlie  tiroc  r.-it*.  of  flex  change  io- 
crcascs.  This  results  in  the  outer  lain  inations  opcratinii  at  a  higher 
apparent  frequency  than  the  inner  laminations.  The  net  result  is  increasing 
core  losses  with  increasing  radius. 

0[>erating  Stability 

The  Astron  trigger  system  must  be  capable  of  stable  operation  at  all 
machine  repetition  rates.  Sufficient  co'iling  must  he  provided  to  all  the 
modulator  cores  to  maintain  narrow  temperature  limits  in  their  operation. 

.Sat'jratio.n  flux  density  varic-s  0.i%/*F.  This  means  that  the  delay 
through  the  trigger  system  would  '  iry  0.1?i  of  the  total  delay  per  degree 
Fahrenheit  of  core  temperature  change. 

The  change  in  output  voltage  can  be  cx]iressed  for  srnall  temperature 
changes  by  the  relation 

%  3  j^l  t  cos  n  (1  -  j  X  100%; 

for  a  10*F  temperature  change  llto  output  voltage  would  ciiange  0.05%. 

Thvis,  the  ri'.o<lulator  delay  time  is  twtuity  times  as  sensitive  to  temp¬ 
erature  change  as  is  tlic  output  voltage. 

AN  KXPERK.IFNT  AL  TWO- ST  ACE  MAGNETIC  MODULATOR  FOR 
50-MECAW'ATTS  OUTPUT,  25  CHANNELS 

To  investigate  the  feasibility  of  building  a  multistage  mag..ctic 
modulator  th.it  would  develop  a  l.5-kilovoU,  O.i-jisec  pui.oe  into  a  0.1 -ohm 
rc.sistivc  load,  an  experimental  two-stage  magnetic  modulator  was  con¬ 
structed.  A  f c -c valuat ion  of  the  trigger  requirements  for  type  59'19A 
Ihyrations  indicated  that  a  pulse  of  .at  Urast  2  kilovolts  was  requiiiid  at  the 
thyratron  grid.^  The  input  voltage  to  tlie  in.agnctic  modulator  W'as  increased 
until  an  output  pulse  of  2  kilovolts  was  obtained. 

The  modulator  has  bc<ui  ope.-ated  to  a  peak  outimt  voltage  of  2.3  kv. 

At  this  voltage  many  of  the  components  used  in  construction  arc  operating 
above  tlicir  voltag.c  ratings.  'I’he  modulator  has  been  oper.aled  at  a  60  pps 
r.alc  with  an  outjiul  pulse  of  2  I  v.  Since  the  jii’olotypt-  model  does  not  have 
provisions  for  cooling,  ojie rating  time  .it  60  jijis  wa.s  very  limitciL  Most 
test  <iata  were  obtain'  d  .it  .an  output  voltage  of  2  Kv  and  a  »ej)etition  rate  of 
30  pps, 

Tlio  mo<Julator  is  of  tbc  &eri<is  rc.'.ctance  type  .and  utilir.c.s  .a  Si/.e  A 
ignition  as  a  jJi  im.iry  switch,  I’oth  stages  ol  this  modulator  utilic.e  a 
r.iultijile  winding  technique  which  provides  cdeclric.il  isol.ition  of  outputs 
after  reactor  s.i  to  rat  ion.  I’ignrc  li  sliowa  (b-t,ai!s  of  tile  niodul.itor  <:<;n- 
struclion.  Fi;;ure  16  is  a  .i  im  j.l  i  f  led  enuiv.ilenl  .  irenil  of  the  inodMlafor. 

'Ilie  outjnit  waveidiajie  is  determined  by  the  c  ha  r  ;ie  t  e  r  i  i  t  ic  s  of  the  out¬ 
put  pul '.e  -  f'l r m i ng  network  .ind  its  individual  winding  on  tlie  output  reactor. 
During  tjp.:  cliat  ging  tim.,-  of  the  outjjul  iivlviorks,  they  are  eoujiled  li^gc  thirr 
by  the  magiietie  propel  ties  ol  the  output  core.  '1  hi.  output  re.ielor  saturates 
at  till;  peak  of  the  IM'IJ  i.  hi  r  g  iiij;  voltage.  TIii.H  r  (fei  t  i  vel  y  owitches  all  HlN't 
into  tlieir  tesp'-elive  lo.id;;.  W  hi  i>  the  core  is  sa  tu  i  .i  t  i;rl ,  its  magnetic 
jii:  1  me  ah  1 1  it  y  is  re’diiied  to  .i  v.iluc  cJosi;  to  unity.  T  1 1 1  .'i  di.;;tioyu  tin’  mag- 
iiclie  loupliiig  betweiii  tin-  outjuit  sections.  As  e  on  se  ipienc  e  of  tliiii  loss  of 
coupling,,  the  oulj'ul  lo.iils  .i  rc  iTcilru.illy  isol.iled  fioin  ■.•.icb  otlier.  .Since 
the’  g'' lie  1  at  io'.i  of  tin  oulpiil  '.i.  .i  v>- (o  r  m  i.s  di  pi-ndiiil  on  the  H.iluiatiiui  of  a 
Siiigli  core,  .ill  outputs  inii.t  fil.jit  fiom  .»  .i  iiiunm  <i>iie. 


Both  SLa/5C3  of  clii.'.  oiO<ir.!.- '.O''  iiri:  ronstructoa  ro  cporale  ;n  this 
manner.  Tl;c  cr.ly  1  cr r  .\l  >:  on  1 1  on  r.irjnit'S  is  in  the  input  to 

the  firat  magnetic  .sta^e.  't  in.!  p'.'iiit  is  il  )1  .-.leLl  iroiu  output  by  tlio  delay 
of  the  entire  moeulator.  A  refl-iction  at  jr,  output  stau^  rnust  be  transmitted 
through  twice  the  del.ay  lime  of  lli*e  modulator  before  appearing  at  any  other 
Outp>ut.  In  the  appl  icatitni  .jt’  this  niodu  la  lor  to  a  trigger  system,  this  delay 
is  lojig  enough  to  e  1  iiit dia tv  any  ciosb-talk  effect  between  outputs. 

Tl'.e  s  iinul  ta  ite  it ’/  of  isolate'!  o.itpnts  is  depeiiderit  on  two  lactors.  The 
first  is  uniiofri.ity  of  outj.-.t  uii.dm  ;  and  c!ia  i  a  c  te  r  i  s  t  i  c  s .  A  non- 

unilormity  in  (l.-.-ae  i  a  lui- 1  c  i -s  v.- ill  ..ou.-x.  'liflering  'jutpiit  waveforms.  The 
second  fa'.'lce  i-a  d  :  I  e  i  i  n  ini  ng  output  iinul  f  ane  ity  is  that  the-  core  may  not 
saturate  in  all  ..■.■jtions  at  tin-  sanie  lir.rc- 

Figurc  .'luas  result  of  an  i  <  s  t  i  g.al  io.n  of  the  coinbinc'J  effect 

of  both  factors.  .'.'.I  ou'j.vo.i  v.-ei  tuned  tl'.e  50'/c  point  of  tlio  -julput  rise 

ti'i'.e-  'I  he  time.-i  .rr-j  no  ri  ■  i  a  1  i/ ,  iI  to  il,-;  o'jFj  j,;;)irit  of  cuitpul  i\'o.  1.  A 
inaximuin  tirin'  d  :  f  .-rei'w -j  of  d?  ue  •.loseevuula  v/.'ts  nteasured  be  tv.  e  e.n  outpul.s 
at  the  Si)';!)  point - 

f 'le  time  ii't.-r  b.r.,  n  ell  "o  in\'‘.  s:  ipated  atul  foun'l  to  be 

lowei'  tlu.ii  l!v  r-  <,•:  the  ''•-.nd-og  .-',11  ipu  u  :it .  TI-i.s  ‘.va  s  los.3  than 

'J-O.S  nann '.ecor.d  .  I  1  <.  'i  •  ^  stive  eoijeii  t  n'.v.s  of  all  outputs  were  foynd  to  be 
stalile  over  jn.  1  .  .'is  ol  •  •  I'ai  liju:  5  .iju  r  stio'i  and  at  no  time  was  any  jitter 
mcasu  r.'i  blij  on  t'-.-.  !',,dis;;,  :  of  tli  -  puise. 

Inve 'O  b  of  i-le-  d'teci  !  ijlai  on  of  outpiut  sections  were  mafic 

by  slio  1  t  -  c  i  r  c'.i  i  t  in:;  i-.i''!'  ebarm  I  -.n  im  r.  and  iilis  e  r  in  g  th,7  eifei'l  on  all  other 
cli-'iiinels  .  ’)  i'.e  et'.dct  of  this  is  st  fu)  output  \v,'i  vu ) or rn s  was  p.f;t  measurable, 

making  the  effect  1-lsfl  than  d'./j. 

T.sble  III  con  lO.'i  ibi-  d'-.sijMi  pa  r I  n  >  t  <  rs  .uul  the  actual  rat  ing 

conditions.  Tlsc  cifccl  of  Micreasing  the  input  volt, ago  can  be  soon  in  th“ 
early  saturation  tir.'.es  oi  Pj  aii'l  P^. 

Teb'.v  in.  Oper.'iting  I-’,-.;  a  incli  .■  .s  of  Fxpe  r  inao  ntal 
'.0  - M ego  ..  all  i.l.aptiviic  'Modulator 
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Table  IV^-  Design.  Data  for  Saturable  Reactors  of  tlie  50-^fega- 
watt  25 -Channel  M.^gnetic  Modulator 


Reactor  Pj: 

Core: 

l-mil  50%  nickel- iron  tape  wound  '  “ 

Outside  diameter  -  17  inches 

Inside  diameter  -  16  inches 

Thickness  -  1/2  inch 

Mean  magnetic  path  -  137.5  cm 

Core  area  -  1.7&  cm^ 

Stacking  factor  -  0>7 
Winding: 

25  windings,  each  48  turns  No-  14  wire 
Bias  winding.  25  turns  No.  16  wire 

Reactor  F^: 

Core: 

!-mil  50%  nickel- iron  tape  wound 
Outside  diameter  -  24  inches 
Inside  diameter  -  17  inches 
Thickness  -  l/2  inch 
Mean  magnetic  path  -  163.5  cm 
Core  area  -  13.65  cm^ 

Stacking  factor  -  0.7 
W  ir.ding: 

25  windings  each  L  tunts  -  l/2-inch  ^  19  mil  cooper 
Bias  winding  I  turn  l/2-inch  X  19  mil  copper 


DESIGN  OF  THREE-STAGE  MAGNETIC  MODULATOR  TO  PRODUCE  50 
MW  OF  PEAK  POWER  TO  TRIGGER  500  THYRATRONS 

The  curve  of  anode  delay  vb  trigger  voltage  for  a  type  59'19A  hydrogen 
thyratron  (figure  1)  shows  the  anode  delay  of  an  individual  5949A  tested  at  a 
unique  contlition  of  attodc  voltage  and  pulse  repetition  rate.  The  firing 
charactoristic.s  o."  5949A  thyratrons  are  also  furictions  of  anode  voltage  and 
firing  rate.  There  are,  in  addition,  variations  of  anode  delay  between 
individual 'hyratrons. 

To  insure  all  thyratrons  firing  simultaneously,  the  variations  of  firing 
characteristics  must  be  individually  compensated  for  under  each  operating 
condition.  For  the  ojieralion  of  tins  trigger  systont,  adjustments  of  pulse 
delay  from  the  trigger  generator  to  the  grid  of  individual  thyratrona  will  be 
rr:ade. 

The  trigger  requi  reinerit  s  for  s  iinulta  neou.sly  firing  500  thy  ratrons  are 
to  produce  a  specified  trigger  w'avc  sliape  at  the  grid  of  each  thyratron  so 
that  individu.il  anode  dcl.iys  result  in  .s irnu I tane ous  output  pulses.  Since  the 
delay  time  from  the  trigger  oystem  to  each  tube  is  adju-stable,  the  triggers 
do  not  have  to  be  synchronous  at  the  generator.  Tliey  must  be  jitter-free 
with  respect  to  each  other. 

An  .analysi.s  of  the  entire  sy.steen  iiidiralcs  that  the  trigger  generator 
inuat  liave  the  following  ouli'ut  requirements: 

Number  of  outputs  -  500 

Pulse  v.idtli  of  output  -  0.4ji6ec  iniiiiinuni 
Inipetlance  of  each  output  50  ohm 
Pulse  rise  time  -  100  iisec  niaxiinum 
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I'\ilse  aniiJlituJe  -  Zi’.'jO  vulls  .tSfo 
Jitter  hf-Uvecn  outj'uta  -  i  i  n^.t-r  :ii,i  ciuiuiTi 
Outjnit  tliiio  variation  -  50  nsec  ni  tixiiTimn 
F\ilse  repetition  rate  -  variable  0  to  60  pps 

Desifto  of  Moi.iuIator- 

In  order  to  design  a  magnetic  modnlatc'r  to  produce  a  specific  output 
pulse,  the  design  must  lie  siaited  at  tlie  nulput  and  proceed  toevard  the  input. 

Sluee  the  rcinguetic  prope-rties  of  eoi  irS  requii  ed  lor  operation  as 
magnetic  nioduhttoro  vary  from  core  to  core,  final  design  must  be  done 
■"'.pli  .-.ily  on  the  fini.shed  model. 

In  order  to  facilitate  const  r  uc  t  ion ,  t!ie  outp,uts  are  arranged  in  groups 
ot  twe'nty.  The  riicjuircinents  for  each  chaivncl  tl-,an  bi-coinet 

Z  .  -- 

cn  dO  dO 

F  llse  width  -  O.'l  |lSCC 
Amplitude  -  Z,J,:>0  volts 


I5csien  of  FFN 


P  ^  V  O.Z  X  10 
C  =  .  ^  = - - 

=  0.08  p f 

L,  -  Z^C  ^  (Z.5)^  X  0.08  X  10  ^  -  0.5  ph 
A  prototype  I’FN  is  shown  in  figure  19- 

Di scha r ge  of  Output  Stage 

Referring  to  figure  17  the  output  pulse  is  generated  by  the  saturation 
of  L^-  Output  re-actor  consists  of  twenty  -  fi'vc  windings.  Each  winding 
consisting  of  '-.'O  turns  of  iiisul.ited  copp-.T  strap  O.'i  incli  X  19  mils. 
Reactors  Tj,  I.j,  and  Lz  arc  all  wotuid  on  the  same  sikie  aitd  material  core: 

Table  V.  Reactor  Core  Data 


Core  matr-rial  -  50"/u  ;i  icke  1  -  j  r  on ,  I  mil,  tape  w  cund 

Out  siilc  diiuncter  -  Z1  inches 

Inside  <.lianict,;r  -  IS.S  inche.s 

Thlckrtos  -  0.5  iiiclics 

Mean  nia;'n'-'ic  p-'th  -  16  3.5  cm 

Core  .area  -  13.65  cut 

Core  volume  -  ZZ50  cc 

Core  •.'/elgl.t  -  15  Kilogrants 

.btacVmg  f.->.clor  -  0.70 


Tl  1C  rise  of  I  be  uutj'Ml  p  ilse  can  be  ajkprox  imated  by  calculating 

tliC  Patm-aled  iirl-jclani  e  of  li  'k-.  i mi  i  ng .  1- or  all  windings  on  the  output  core 

4  IT  U^'A  V  I  n  -  9  T 

h^y  -  - '’sal  '.enrys 


EIxperience  with  the  two-stage  prototype  indicates  that  an  assunaption  of 
-  1  will  yield  the  proper  L^ai  the  above  formula. 

X  10'*^  =  4.2  X  10"^  henryi 

The  effective  saturated  inductance  referred  to  an  individual  channel  is 

L.  /channel  =  25  L  =  105  X  10  ^  hcnrys 
sat  sat  ' 

The  outpait  rise  time  is  then: 

RT  =  2.2  L/r  =  2.2  x  10‘^  =  92.3  nsec 

At  the  maximum  repetition  rate  of  the  modulator  the  peak  power  deliv¬ 
ered  to  the  output  is; 

(2  2  Sni  ^  X  1  0^ 

Peak  Power  .  25  ^  =  25  - ^  50.6  Mw 

R  2.3 

The  total  output  power  is 

P  r  P  ,  X  T  X  pps  -  50.6  10^  0.4  X  X  60  ::  1215  watta 

ave  peak  p 

'Die  dominant  losses  in  this  design  will  be  core  losses.  From  ficure  3, 
at  95*F  ..  perating  tempo rature  the  core  losses  are  26.3  X  lO^  erga/cc /cycle. 
The  v..turr.e  of  iicti\c  core  material  is: 

V,  1  X  2250  =  I  575  cc 

Total  core  los.ses  r  26.3  x  !0^  X  1575  x  60  <  lo'^  -  248.5  watts 
In  order  to  maintain  stable  operating  conditions  this  core  must  be 
maintained  to  witldn  *5‘F  of  its  operating  temperature. 


Charging  of  Output  Stage 

Since  the  design  of  the  output  reactor  is  determined  by  the  output  rise 
time  re<juirement,  the  charging  waveshape  must  be  shaped  to  cause  satura¬ 
tion  at  the  charging  peak.  Experience  wit,’,  the  Iwo-stage  prototype  indicates 
a  peak  charge  voltage  ol  5380  volts  will  be  required. 


Volt-sec 


D  Ax  S.F.  X  10 
sat 


The  volt- sec  for  a  cosine  wave  can  be  approximated  by  E  At/2 

2  A  N  S.F.  p 

At  ^  -  X  10  “ 

E  =  Peak  voltage 
At  -  time  for  half  period 
■  .saturation  flux  density 
A  =  Core  area 
S.F.  -  Core  slacking  f.actor 

_  2  (32)  X  10^  X  ;3.65  X  0.7  ,  ,,q 

- -^-3y0 - .  2.2.8  p sec 

This  represents  can  app.jrcnt  frequency  of  219  kc.  The  output  reactor 
is  of  the  .shunt  tyj>e,  tlti.s  results  in  the  output  Ph  N  charging  current  flowing 
through  the  loarl.  Since  each  load  iu  romwtu  from  the  modulator,  charging 
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current  is  permitted  to  flow  through  the  load.  There  are  several  methods 
to  shunt  the  charging  current  across  the  outfjut  terminals.  The  most 
straightforward  rnethod  would  be  a  diode  across  the  output  terminals.  This 
method  is  currently  under  investigation- 

The  charging  voltage  is  of  a  cosine  form  and  the  peak  current  re¬ 
quired  to  charge  0.08  pf  in  ?..28  psec  would  be  320  amperes.  This  diode 
must  recover  in  less  than  100  nsec  in  a  2.5-ohm  circuit. 

Another  approach  to  shunting  the  ch.arging  current  across  the  output  is 
to  use  a  saturable  reactor  shown  :n.  figure  1?  as  L^.  This  reactor  would  be 
saturated  in  the  direction  of  charging  current  flow.  The  impedance  offered 
the  charging  current  would  be  the  saturated  inductance  of  this  reactor.  Thi5 
would  then  be  included  in  the  reactance  of  the  resonant  charging  source. 

The  reactor  would  represent  a  high  iinpcdancc  in  parallel  with  the  output 
cables  under  modulator  discharge  conditions.  This  type  of  saturable 
reactor-diode  operation  see>Tis  to  offer  the  best  approach  to  load  charging 
isolation  and  is  being  actively  studied. 

The  output  w  iiid  ing  is  of  the  multiij’e  channel  isolati.ng  type  described 
for  the  tw'O- stage  prototype. 

Discharge  of 

The  discharge  of  capacitor  C3  is  iriade  by  a  series  saturable  reactor 
Lj.  Capacitor  C3  is  divided  into  five  sectioriS,  each  section  discharging  in¬ 
to  five  PFN's-  The  total  capacitance  at  C3  is  2  pf. 

The  design  of  reactor  L|  is  determined  by  the  value  of  saturated  indue 
tance  required  to  charge  all  FFN'S  in  2.28  pscc. 

Foi  an  apparent  frequency  of  219  kc,  the  inductance  required  per 
channel  is  then  13.25  ph.  Allowing  2.7  5  ph  for  lead  inductances  and  local 
isolation  per  channel,  a  sixteen-turn  reactor  winding  will  have  a  saturated 
inductance  of  10.5  ph  per  channel.  This  will  produce  the  required  discharge 
frequency  of  219  kc.  Measurements  on  prototype  modulators  indicate  an 
efficiency  of  84%  for  this  stage. 

Charging  of  C3 

C3  is  charged  by  th<  resonant  discharge  of  through  the  saturated 
inductance  of  the  secondary  winding  of  Tj.  The  charging  requirements  of 
are  a  peak  voltage  of  =  5800  volts. 

The  saturation  time  of  L.^  is: 

At  =  ,  2(16_)  ^  ^  ^ 

3 « o 

The  peak  charging  current  for  e.tcb  0.4-pf  section  of  Cj  would  be  684 
amperes  at  an  apparent  frequency  of  29  kc. 


Discharge  of 


Capacitor  discharges  through  the  saturated  inductance  of  trans¬ 
former  Tj  secondary.  T j  has  six  secondary  windings,  all  directly  paral¬ 
leled.  An  analysis  of  the  number  of  secondary  turns  indicates  117  second¬ 
ary  t\;.ri>s.  A  saturated  permeability  of  1.5  i.s  assumed  due  to  the  high 
leakag(r  reactance  expected  in  this  stage. 


L,  needed  =  30  ph  total, 

9  Ui 


29  kc  for  117  turns 


27 


4  ttN**  ASF 


sat 


sat 


X  10 


-9 


L  -  5.^-il  ^7)  ^J^6S  X  OJ  ^  10'^  X  1.5  -  22. SX  lo'°  h 
sat  163.5 

The  additional  inductance  will  be  added  to  the  windings  to  produce  the 
required  value. 


Charge  of 

CapacilOE  is  charged  through  transformer  Tj  from  the  discharge  of 
Cj.  The  required  charge  on  'would  be  6150  volts.  The  time  required  to 
saturate  Tj  on  the  secondary  windings. 

2NBA(SF)  .«-8 

At  =— - - -  X  10  -  llOuSec 

E 

This  is  an  apparent  frequency  of  4.35  kc. 

The  total  capacitance  at  is  Z  p.i  and  the  peak  charging  current  is  17B  arr-p. 
This  current  is  conducted  through  diode  Dj  in  five  channels.  The  current 
per  channel  =  178/5  =  37.6  amp. 

The  turns  ratio  of  T j  is  appro.ximatciy  20  to  1.  This  reduces  the 
voltage  in  the  primary  to  308  volts.  This  is  the  proper  magnitude  for 
silicon-controlled  rectified  sv/itching.  The  peak  current  through  a  single 
SCR  would  be  3560  an^peres. 

The  primary  inductance  for  this  ci.-cuit  must  be  3.6  |j.h.  This  is  the 
total  for  aU  components  in  the  primary  and  the  leakage  inductance  of  the 
transformer.  In  order  to  handle  the  large  amounts  of  primary  current  and 
reduce  the  leakage  reactance,  six  windings  are  used  in  parallel. 

Tests  of  Silicon-Controlled  Rectifiers 

A  test  assembly  was  built  to  measure  the  peak  current  carrying 
capacity  of  SCR's  for  narrow  current  pulses  (figure  18).  In  order  to  prevent 
excessive  losses  in  the  SCR  during  turn-on,  a  magnetic  assist  was  used  to 
prevent  high  current  flow  until  the  entire  junction  wac  in  a  conducting  state. 

The  duration  of  peak  conduction  was  then  30  psec.  Extrapolating  from 
figure  20,  for  a  peak  conduction  current  of  3500  amp,  gives  a  total  loss  in 
the  SCR  at  60  pps  operation  of  57.2  watts. 

I  E 

P  =  -£5 — 2  X  conduction  time  X  60  pps 
rms  2 

^  ^.^99  ^  ^  X  1 10  X  10"'^  X  60  =  57.2  watts 

Since  t)»ese  results  are  based  on  low  repetition  rates,  provision  ia 
being  made  to  utilize  six  SCR's  as  a  primary  switch. 

Delay  Time  in  Magnetic  Modulator 

The  delay  time  i.n  the  three  stages  of  this  modulator  is  the  sum  of  the 
charging  times  of  C^.  C3,  and  the  PEN. 

Total  delay  =  1  10  +  17.2  +  2.28  =  129  48  pace 

The  delay  of  each  stage  is  a  function  of  the  saturation  flux  density  of 
the  core  material. 
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From  figure  4,  Bg  varies  1%  for  a  thermal  cliangc  o£  ICF,  There¬ 
fore,  the  output  delay  will  change  at  the  rate  of  0.13  jisoc/l  “F. 

The  output  voltage  ‘.vill  change  as 

%  tt(1  -  X  1007e 

%  ^  =  (I  +  C03  0.99  7i)  X  109%  0.05%  %  — -  /‘F  =  0.005% 

Changes  in  input  charging  voltage  will,  however,  cause  the  same 
percentage  change  in  both  the  output  voltage  and  output  delay  time- 

Table  VI.  Tabulated  Design  of  SO-Mogawatt  Three-Stage  Magnetic  Modulator 


Calculated 

Peak  discharge  current  Cj 

3560  amp 

Charge  time  C2 

1 10  psec 

Discharge  time  L^ 

17.2  psec 

Peak  charging  current  (Total  all  units} 

178  amp 

Charge  time  C3 

17.2  psec 

Discharge  lime  Cj 

2.2  psec 

Peak  charging  current  L3  (Total) 

3-120  arnp 

Charge  time  I’FN 

2.2  psec 

Output  pul.se  rise  time 

92.3  nsec 

Output  pulse  width 

0.4  psec 

CONCLUSIONS 

1.  Magnetic  modulators  can  be  uoed  to  generate  peak  pulse  powers  in 
excess  of  100  megawatts,  with  pulse  rise  times  of  less  than  100  nanoseconda 

2.  Magnetic  modulators  can  be  constructed  with  electrical  isolated 
synchronous  channels. 

3.  The  limiting  factor  in  the  further  development  of  efficient  high- 
power  magnetic  modulators  is  the  lack  of  suitable  core  materials. 
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node  delay  vs  trigger  voltage. 


FIG.  J.  CORE  LOSS  VS  TEMPERATURE  FOR  I-mil  SO'Tc  NICKEL-IKON  AT  ::.0  Lc. 


•4.  SATURATION  FLUX  DENSH  Y  VS  TEMPERATURE  FOR 
NICKEL-IRON  AT  JiO  kc  (0.  MEASURED  AT  340  OERSTEDS) 


FIG.  12.  THERMAL  PROFILE  OF  1-mil  NICKEL-IRON  CORE 
FOR  72 -Mw  MAGNETIC  MODULATOR  OPERATING  AT  60  ppv 
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FIG.  20.  VOLT*AMPERE  CHARACTERISTICS  OF  WX-809F  SILICON-CONTROLLED  RECTIFIER 
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A.  Introduction 


This  paper  discusses  come  aspects  of  designing  a  aagnetlc  modulator 
for  generating  the  long  pulse  requirements  of  a  high  power  radar  modulator. 
Ti'ie  magnetic  tnodulacor  hao  attractive  features  for  this  application  since 
It  offers  high  reliability  and  eff.leiericy  at  the  long  pulse  widths  used  in 
many  high  power  radar  Gystc-ms.  The  mat,jietlc  modulator  design  objectlvea 
wore  (l)  vO  obtain  maxlraura  efficiencies  approaching  9^^  at  pulse  widths  in 
the  vicinity  of  600  microseconds,  and  (2)  to  evaluate  fabrication  techniques 
applicable  to  magnetic  modulators  having  average  power  capabilities  up  to 
10,000  kilowatts.  ' 


In  this  study  particular  emphasis  lias  been  placed  on  invest.! gating 
various  types  of  core  material  and  core  material  stacking  for  the  switching 
reactors. 
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B.  ModiOator  Circuit  Requirements 

The  magnetic  modulator  circuit  configuration  under  consideration  is 
fundamentally  a  series  reactor,  shunt  capacitor  type  with  the  eatuiated 
Inductance  progressively  decreasing  in  value-  This  circuit  is  shown  in 
Figure  la.  The  charging  voltage,  V^.p(  t),  and  charging  current,  lcn(^)» 
for  the  nth  capacitor  are  shown  together  with  the  flux  density,  6n(^)/ 

In  p'lgure  lb. 

From  tlie  mathomotlcul  expressions  for  charging  voltage,  V(.j^(t),  and 
the  saturated  inductance,  Lg  ,  of  the  nth  switching  reactor,  the  following 
equation  la  estahllchcd  whlcR  Is  derived  in  the  Appendix. 


Un  ‘'n 


2.47u„  K  * 
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vhere 


»n-l 
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saturated  iiiductance  of  the  (n-l)th  reactor. 

peek-to-peak  fL\iX  deosity  cJiange  of  the  nth 
itactor. 

core  volume  of  the  nth  rtuctor. 
energy  utoreu  in  the  nth  capacitor, 
saturated  permeability  of  the  nth  reactor, 
dimensional  constant. 


Figure  2  lllastrates  the  typical  time  compression  of  the  discharge  current, 
-n(t),  it  is  switched  between  ct=‘ges.  Defining 


the  following  expression  is  established  which  Is  derived  In  the  Appendix. 

C  ^n-l,n 


2.k'( 
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C.  Core  Katcrlal  peouircaents  For  Ihe  Ci/ltching  Reactor 


The  total  core  veluae,  of  a  swl’ching  reactor  is  a  function  of  the 
pulse  compression  ratio,  and  tlie  energy  stored  in  the  nth  capacitor 

W,  .  By  rearranging  equation  2,  into  ttie  foiin 
'•n 


(Pn-l,n)" 
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it  Is  readily  apparent  that  rnlnloium  core  volume  per  stage  is  obtained  when 
the  ratio,  A6.  ^  Is  a  maximum.  Ibis  ratio  will  be  referred  to  as  the 

figure  of  merit  of  the  core  mater-ial* 

This  figure  of  merit  has  been  Investigated  for  Hyt.’iSO^  48  Alloy,  and 
Orthonol  magi;etlc  materials  using  stocked  Dil  laminations.  Orthonol,  a 
5ti5&  NiFe  material,  has  the  highest  figure  of  merit  with  a  sat>irated 
permeability  variation  which  is  a  linear  fur.''t^c..i  of  ragnetizlng  force. 

It  has  been  given  primary  conclderatlon  in  the  evaluatlcn  of  "l" 
lamlriatlons. 

In  the  unf.at'jrated  state  the  nth  reactor  must  have  sufficient 
inductance,  1,^  ,  to  present  negligible  loading  during  the  charging  of  the 
nth  capacitor. The  following  inequality  is  derived  in  the  Appendix  and 
exoreases  this  condition: 


—  »  0.5  n-1 

-LT- 


-  »  0-5  {Pn.i,n)* 


Thus  a  good  owltchlng  reactor  coi’e  material  should  poasess  a  high  ratio 
of  unsaturated  to  saturated  permeability. 

In  addition  a  low  coercive  force,  required  to  achieve 

ncgllgiUe  leading.  The  approximate  requirement  for  coercive  force, 
l3  expressed  in  the  following  Inequality: 

^ac  < 

-  - D -  (U) 


wliere 


Dlmcnolonal  constant 


Stage  energy  transfer  efficiency 


Mean  coercive  force 


Tala  expression  Is  derived  In  the  Appendix. 
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0.  Core  Material  Stookiri(i  For  The  S'-^itching  Reactor 

Tne  possible  uscge  of  DU  type  laminations  in  a  lov  level  modulator 
with  a  600  mic’.'oseoond  outinjt  pulce  vac  Investigated.  The  basic  properties 
of  interest^  as  previously  ruentioned,  were  the  peak-to-peak  saturatloa 
flux  density,  J  the  saturated  permeubiUty,  ;  and  the  coercive  force, 
H-*.  These  purer.eters  were  evaluated  using  three  ^different  methoda. 

The  first  rethod  was  basically  a  hysteresis  loop  measurement. 
Schematloaliy  this  test  rriothod  is  illustrated  in  Figure  3  with  switch,  S, 
in  the  closed  position.  Tnls  test  method  consists  qf  applying  a  sinusoidal 
voltage  of  the  desired  frequency  to  the  core  material  specimen  and  driving 
the  core  materiel  to  its  positive  and  nc-gative  saturation  flux  densities. 

The  magnetizing  ouiient  and  Integrated  fJux  voltage  are  Gimultaneoualy 
displayed  •m  a  Tektronix  Model  I.'o.  ^jG  oscilloscope  resulting  in  the  well 
known  dynamic  D-il  Joop.  oince  the  coi-c  natei  jal  presents  a  high  Impedance 
to  tiie  driving  so  iree,  the  coin  ic  sltiusoldally  voltage  driven  in  the 
unsaturated  stair.  Tius  t’nis  test  method  is  considered  t/a  give  measurenvents 
of  soturalior.  flux  density,  ABu  >  coercive  force,  which  closely 
represent  actual  switching  reactor  service  in  tiie  unsaturated  operating 
region. 


The  second  test  method  is  Illustrated  schema Lically  In  Figure  3 
when  switch,  S,  is  in  the  open  position.  In  this  test  the  cores  are 
sinusoidally  current  driven  in  the  saturated  state  due  to  the  diode  which 
■blocks  voltage  reset.  The  output  voltage  waveform  is  again  integi’oted  and 
displayed  with  the  exciting  current  waveform  using  a  Tektronix  Model  536 
oscilloscope.  From  this  display  saturated  penr.eability  data  is  obtained. 

The  third  test  method  is  a  saturated  impedance  measurement  conslatlng 
of  measuring  the  Impedance  offered  to  a  20  kilocycle  test  current  when  the 
core  iTiaterial  is  heavily  u-c  biased.  If  capacitive  reactance,  d-c 
resistance,  and  a-o  resistances  aie  minimized,  values  of  saturated 
pezmeability  can  be  accuzrately  obtained.  The  measurements  obtained  using 
this  test  method  were  compared  with  measurements  ir.ade  using  a  Tektronix 
Model  130  LC  meter.  Tliia  test  method  is  shown  schemBtically  in  Figure  h. 

In  all  of  the  tests  performed,  the  aiixilliary  windings  were  closely 
coupled  to  the  core  ir.aterlal  to  minimize  errors  in  measurement. 

Figure  5  Illustrates  the  saturated  permeability  dynatnlc  B-H  cuzrves 
obtained  using  IlyMuO'D,  1*3  Alloy,  Orthonlk,  a.ud  Orthonol  stacked  DU  laminations 
vzhen  tested  by  the  second  test  method.  Test  results  indicate  a  well  defined 
ti-ansltlon  from  the  unsaturated  to  the  saturated  state  for  HyMuSO  and 
indicates  it  has  the  lowest  satzirated  permeability  of  the  four.  However, 
Orthonol  haa  the  highest  figure  of  merit  with  a  saturation  flux  density, 

Bjj],  of  13*9  Kllogauss  and  was  given  primary  considexuition  in  the  further 
investigation  of  laminations. 

In  Figure  6  the  saturated  permeability  of  these  same  core  material 
specimenB  is  shown  as  a  function  of  dc  magnetic  field  intensity, 
when  tested  using  test  method  3*  Comparison  of  this  data  to  the  saturated 
peiTneability  dynamic  3-H  curares  reveals  that  MyKuSO  has  the  lowest  saturated 
penneabllity  and  the  sharpest  transition  between  states. 

The  results  of  both  measurements  are  tabulated  in  Table  I.  A  consistent 
discrepancy  in  the  value  of  the  saturated  perancabil Ity  as  measured  using 
the  tvro  different  measurement  rr.ethodo  is  attilbuted  to  the  different  methods 
of  core  material  excitation  used  in  the  two  test  methods. 

The  use  of  I  laminations  for  switching  reactor  use  was  considered  for 
the  following  reasons: 

(1)  Fabrication  of  the  I  laminations  is  economically 
feasible. 

(2)  I  laminations  cun  be  stacl.ed  in  a  wide  variety  of 
geometries. 


(3)  rre-woun<3  windings  can  be  u.'ed. 


(U)  Wird\rs3  coo  be  more  easily  suiijx.irted  to  witlistand 
high  n'.ecliniiical  forces  prCGont  in  ojicration  using 
pre-woi’iid  colls. 

Orthonol  (50^  NIFe)  has  a  face  centered  cubic  crystalline  lattice 
fstmcture  and  the  dliecttoris  of  easy  trrugnetiza t. ion  ere  along  the  cube  edge. 
The  directions  of  easy  ifagnci iza t ion  ere  (i)  In  the  direction  of  roiling, 
(2)  t;or:.ol  to  the  direction  oi  lolling  and  in  the  direction  of  the  strip 
thlclotess,  and  (3)  normal  to  the  direction  i)f  rolling  and  in  the  direction 
of  the  strip  width-  Tlius  ori<  nted  ^Oj,  JllFe  appears  attrai.tive  for  use  in 
laminations  where  the  flax  luusi  traverse  from  loniinate  to  lacdnato. 

Oriented  5'-^  NiFe  I  lardnat ions  were  considervid  because: 

(1)  Oriented  50^  NiFe  core  material  Iws  a  high  figure 
of  merit. 

(2)  Directions  of  easy  utfignet iza tlon  of  oriented  ^Of> 

IliFe  core  uiuterial  were  corr.patible  with  laminated 
core  structures  being  considered. 

Figure  [  indicates  the  results  of  hysteresis  loop  uifcasui'er.enbs  using 
6  rail  thick  Orthonol  I  lacinatlons  assembled  in  the  four  stacking  metliods 
shown. 


Obsc’-.-a  L  ion  of  tVie  hysteresis  loops  using  stacking  config^xrations  B 
and  C  reveals  undesirable  swltchitig  pro’iertles  due  to  reduction  of  the  core 
tristorlol  sutui-ation  flux  density  and  the  non-l.lnenr  variation  of  saturated 
pGrrieabllity  with  ])eok  driving  force.  Stacking  conf igui-ations  A  and  D 
appear  more  I'Tornieing  beceusc  the  saturating  l’lu>;  density,  E„,  of  the 
core  material  is  not  degraded,  end  the  saturatCfd  permeability,  p,  ,  is 
reasonably  1  incer  with  peak  didvlng  force  and  liad  the  lowest  valu?  of  all 
the  I  lamination  ctacking  configurations  Investigated. 


Since  configuration  A  and  D  employ  a  50-^  stacking  factor,  the  air 
reluctarice  patli,  In  parallel  with  the  saturated  iroii  reluctance  path 

can  cause-  deviation  between  intrinsic  saturated  pciTiCabll Ity,  and 

rncasurc-G  or  apparent  saturated  i)eiT.c-nbl  llty,  03^^.  Tlie  following* 
rein  11  on  ship  expresGos  the  a  i  I'ferer.oe: 
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The  measured  permeabilities  of  stacking  configurations  A  and  D  vere 
approxip^tely  12,  hence  little  deviation  exists  between  the  nveasnred 
permeability  and  the  intrinsic  permeability  especially  where  the  intrinsic 
permeability  Is  10  or  greater- 

The  variations  of  the  core  material  properties  using  "I”  laminations 
stacked  in  the  D  configuration  were  investigated  at  excitations  of  **00  end 
800  cycles  per  second. 

Tne  uynanilc  hysteresis  loops  and  saturated  pCi-meability  B-H  curves 
are  shown  in  Figure  8.  As  expected,  the  coercive  force  Increased  with 
frequency,  but  no  noticeable  change  in  saturated  permeability  occurred. 
This  implies  that  the  saturated  pormeability  of  the  core  material  is 
Independent  of  frequency  In  the  range  of  frequencies  tested. 


E.  S'aranary 

The  results  of  the  core  material  and  stacking  configuration  evaluations 
ore  sujumarized  In  Table  II. 

The  results  of  the  data  to  date  Indicate  that  all  methods  of  stacking 
"l"  laminations  presently  evaluated  result  in  inferior  magnetic  properties 
compared  to  core  laalerlal  fabricated  using  toroidal  and  JXJ  lamination 
configurations-  The  Epstein  frauie  and  its  modifications  retained  tbe''\^ 
superior  switching  properties  of  Orthonol  better  than  other  "I."  lamination 
configurations  tested. 

Computations  using  formull  derived  herein  indicate  that  usage  of 
Orthonol  "I"  laminations  in  au  Epstein  configuration  is  practical  and 
feasible  for  long  pulse  magnetic  iDo<3ulators.  At  present  a  10  kilowatt 
average  power,  600  inicrosccoiid  output  p\ilue  width  magnetic  modulator  Is 
being  fabricated  using  Orthonol  "I"  laminations  in  an  Epstein  coiiflguratlon. 

A  low  level  prototype  magnetic  nxxlulator  has  btc-n  constructed  using 
6  mil  DU  laminations.  An  efficiency  of  7056  has  been  attained. 
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Apprauix 


A.  Modulator  Circuit  Requirements 

(a)  'Rie  Figure  of  Merit  of  the  Core  fiaterlal 

Consider  the  typical  nth  stage  waveforms  shown  in  Figure  1.  The 

equation  for  the  charging  voltage,  (t),  of  the  nth  capacitor  la: 

u 

E  r  -| 

(t)  =  ^n-1  1  1  -  cos  u)  it  I  sssiiring  Q  >  10 

^n  —2 —  -  n-1  J 

where  Ep  =  Peak  voltage  before  energy  transfer  to  the 

nth  capacitor- 

=  Discharge  current  angular  velocity  in  the 
n-1  stage. 

(i  =  Quality  factor  of  the  n-1  stage  during 
energy  transfer. 

The  total  flux  density  excursion  in  reactor  before  saturation  is 
expressed  by  the  following  integral,  ^ 


n  t  M 


S-1  V-  (t)dt 


where 


which  results  in 


Tn-1  = 


Total  nuicbei'  of  turns  on  the  nth  reactor. 

net  core  cross  sectional  area  of  the 
nth  reactor. 

Discharge  half  period  of  the  n-1  stage. 
Dircenslonul  constant. 


nK, 


Upon  proper  substitution,  solving  for  Nj-^Aj^ylelda, 

C  "n-'n  )  " 


2.^/Vq  Lg 


V 


where 


’■'nr  rgy  stciied  in  the  nth  capacitor. 
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Saturated  Syductance  of  the  n-l 
stage. 


Is: 


The  basic  inductance  equation  for  the  saturated  inductance,  I-Sii* 


where 


= 

Core  mean 

Tiagnetlc  path  length. 

Satui'ated 

j>erneebillty  of  the  nth 

“n 

reactor. 

Rearranging  and  substituting  for  (N^A^ )®yields 


where 


U 

n 


w 

•^U 


(1) 


Uj,  =  Core  material  volume  in  the  nth 

reactor. 


The  discnarge  oui'rent  pulse  time  compressibility,  n  of  the 

discharge  current  from  stage  to  stage  is  defir^  as:  * 


*^n-l,n 


where  T  ,  T  ,  are  defined  in  Figure  3* 
n  n-i 
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hence 


(2) 


2-'*7w„  W 


®n  ‘^n 


or  upon  rearranging 


j  &.47W(. 

jj,  _  II  i.,n 


•j 


where 


Aft 


ra  = 


'Si 


,  the  figure  of  luerlt* 


(b)  The  Core  Material  Permcobili t^'  RcquireiDents 


The  nth  reactor  inductance,  must  be  sull'iclent  to  prevent 

loeding  of  the  nth  capacitor  durinl^charging.  'O’-e  following  inequality 


ing  oi  the  nth  capa 
expresses  this  condition: 


in  ,C 
n-1  D 


However, 


i-c  =  (p  ,  Y'l 


and 


therefore 


0.5  «>n-ll's 


n-L 


u>  ,C 

D-1  D 


Lu^  » 


assuming 


Since 


then 


S. 


■’S_  Mg 

n  a„ 


"m  »  0.5  ®n-l 


(3A) 
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or 


~  »  0*5  j  )» 
Wa  n-l,n 


(c)  The  Core  ^iatel•ial  Coercive  Force  Requlreu^nta 

Assume  the  switching  reactor  core  rsaterlal  can  be  representeu  bj 
a  dynamic  hystersts  loop  which  la  a  parallciograra  as  sboun  In  Ff.gure 

The  energy  required  to  set  the  flux  level  Is  given  by 

r+®8 

Ws  =  J 


where 


and 


U., 


n(t) 

u(t) 


Total  coie  volume  of  the  nth 
reactor- 

Instantaneous  magnetic  field  intensity. 


where 


C(t) 

^ac 


Instantaneous  flux  density. 
Effective  permeability. 

Set  coercive  force. 


upon  substitution  and  integration 

W  -  2H„  B_U 
s  ac  s  a 

and  the  total  energy  la 


Where 


H  » 
ac 


H  H  ’ 
uc  +  ac 


If 


Hgg*  =  reset  coercive  force 

»  W„ 
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or 

w  »  4b  HU 

Cjj  8  oc  n 

and  if  tho 

efl'lcioncy  of  energy  transfer  Is 

W  -  W 

Tin  =  cn  T 

then 

n  _  1 

^  "  ^n 

Dcnce 

We 

>  1 

4^  H  U 

1  -  Ti 
'n 

Converting 

to  the  CG5  system 

W  =  1 

1  s  n  1 

“  1  ^  n 

L  K  J 

u 

where 

K  ^  4n  X  10^'^, 
u  ’ 

D  dimensional  constant 

or 

H  < 
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Figu-re  la.  Tlie  general  a-c  cbarged  series 
type  nrignetlc  roodu'ator. 


Figure  lb-  Typical  operating  vayefonns  during 
the  discharge  of  the  n-1  stage. 


NL  L  I 


-I--  H  ’-1  >- 


^  a 

m  3 


Figure  2.  Typical  discharge  current  vaveforms 
for  the  various  mociulator  stageo. 
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Figure  J.  Schc/ratlc  dlagroio  of  test  circuit 

uued  to  vrtluea  Of  satuiatlon 

flux  density,  \  coercive  force, 

and  saturalf'S  permeability. 


Figure  6.  Saturstod  permeability  data  ucing 

test  method  3  for  the  same  materials 
and  laminations  illvjstrated  in 
Figure  6. 
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Figure  7 


Influence  of  stocking  configurat Ion 
of  I  bar  characteristics# 
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Curves  c  and  d:  Using  test  method  2 


Figure  8.  Influence  of  frequency  upon 
Orthonol  I  inmlnatlons  using 
stacking  configuration  D. 
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VIIl:  DKGIGiJ  Of  A  MODIilAl'CXl-Ptx/F.ll  SUPPLY  SYSTEM 
FO:i  T.IE  S2.V!L’O.TD  Ti.'O-llILS  J.LiT-Aa  ACUELEiXvTOR 


by 


\I.  I.  Snith 


jtidio  Corporation  of  America 


I'nd^T  auboontract  S-12i>  bet't:eon  Stanford  University  and  RCA,  a  re¬ 
search  arid  dcvelopr.ont  propram  was  unc'.er taken  co:nj-encing  December  12, 
i960,  to  establish  the  design  of  a  modulator -•iX)Her  supply  system  suitable 
for  utilisation  in  the  Stanford  h$  bev  linear  electron  accelerator. 

This  program  and  some  results  are  discussed  hereafter.  The  work  was 
conducted  with  close  cooperation  between  representatives  of  RG/\  and  the 
University-  Allowar.ee  must  be  made  for  continued  Inprovenents  in  the 
system  prior  to  the  pariod  of  final  quantity  equipment  procurement;  and 
the  pur70.se  of  this  paper  is  to  report  on  modulator  considerations  of 
general  interest  to  the  art.,  rather  tl:an  to  identify  the  final  form  of 
Project  1  equipme.nt. 

Recognition  should  be  extended  to  Thomas  P.  Turner,  formerly  of  Stan¬ 
ford  University,  for  his  early  studies  in  adapting  tho  ignltron  to  rela¬ 
tively  short  p'llse  modulator  applications, 

A  tea,m  of  nj^prordmately  ten  (10)  RCA  engineers,  for  whom  the  author 
serves  as  spokes.r  iii,  contributed  to  the  effort. 

General  Requirements 

Before  discussing  design  approaches,  a  brief  rev5P\f  of  basic  system 
requirements  for  tho  machine  is  in  order. 

Tice  system  design  includes  the  simultaneous  use  of  96O  klystron  beam 
pulse  rx>iulator3  spaced  at  ten-foot  tntcir/al.s  along  the  tv;o-mile  acceler¬ 
ator  t\;bc.  Eucli  unit  must  pro'/ide  61*  megawatts  of  pulse  power  for  2,5 
•microseconds  up  to  36O  times  per  second.  The  kly.ctron  c.athode  pulse  must 
be  flat  to  +  0.5  percent  during  the  2.5  microsecond  period,  and  ^he  pulso- 
to-pulse  a.mplitu'Je  level  must  be  nalnt-ained  to  within  *  TliesG  char¬ 

acteristics  are  required  to  provide  the  precise  accelerator  bean  energy 
control  I'.ecessary  to  the  nuclear  exneriments  to  be  conducted.  (Radiation 
from  bean  .filters  may  rvask  eX',Teriment.al  results  when  the  beam  enerfy  level 
is  distributed  rather  tlvin  discrete.) 
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The  iiraxtct  on  bonm  encr/'j/  Etabilt*i7  o’"  even  occasional  mothilator  trip- 
out  uhen.  the  tripout  rate  11-  rsi’-tipli. :  J-aO  tir>:3  is  oV'Vious.  The  impact 
on  laaintenance  requireir:etitE  ani  Lnjxicv  r.n  corq-loxity  of  machine  operating 
procedures  are  equally  obvious- 

Hence,  a  high  order  operational  stability  is  required.  High  overall 
power  i^fficiency  is  mandatory  on  an  ecano.~.lc  basis.  The  modulator  system 
DC  power  consumption  is  in  the  order  o'  ?0  Tnegawatts;  and  AC  pcR;cr  for  the 
complete  modulator  fYstem,  nearly  100  hVA. 

The  power  cost  initially  estinrited  was  such  that  one  percent  power 
waste  was  priced  at  about  ^iiOOjCOO  for  the  ten-year  ojTerational  period. 
Purely  on  an  efficiency  basis,  tie  pr.l.-e  rise  time  v;as  limited  by  speci¬ 
fication  to  0.7  micraneconds  m.axi:.nia  ••luch  was  considered  as  the  fastest 
attainable  for  the  application,  coiisisiont  v/ith  other  requirenients.  Kven 
this  relatively  fast  rise  time  ir.voiviis  about  an  eiglTt  percent  power  waste 
at  a  corresponding  cost  of  roujlily  four  nillion  dollars  to  the  program. 

i'ortunatol/,  detailed  utudies  carl;.'  in  the  cycle  showed  in  general  a 
clear  compatibility  between  high  pei.i'orrrirjce,  high  reliability  and  high 
officiency. 


Choico  of  the  dvote.-,  rrienent.s 

- -  -  -  ,  --  - - - 

The  Dover  Supply  System;  A  sub.st-'untlai  nurber  of  design  approaches 
are  entirely  feasible,  .'oid  .seme  .are  used  in  existing  Ifv PS  applicatioris. 
Those  seriously  concidc'rc-d  here  vevaz 

1.  Grid  controlled  ignieron  rectji  iers 

2.  Several  360  cps  M'l  sets  proviJing  ''AC  Diode  Charging" 

3.  Phasc-st<aggei'ed  silicon  recti'? iers  with  external  control  and 
regulation  circuits- 

Ignitrons  were  eliminated  based  on  reliability  estimates  and  power  line 
noise  considerations, 

AC  diode  charging  appeared  quite  attractive  lor  reasons  such, ass 

1.  Ease  of  voltage  control 

2.  Ease  of  volt-age  stabilisation 

3.  Complete  electrical  isolation  :'rcn  the  pov.er  line 

h.  Quitdcence  of  the  modulator  switch  during  Inlf  of  each  360  cpS 
charging  period  assuring  negligible  switch  deionization  problems 
$.  Ease  of  discorinect  of  a  faulty  noiulator  from  the  system  during 
the  quiescent  lialf  period 

6.  l>/crall  nL-.plicity 

7.  Hcliability  comparable  to  the  utilities. 

Three  major  clrawb.acks  v;ere; 

1.  Relatively  low  efficiency 

2.  Large  .uiao  of  the  MG  set  due  to  the  low  utilizat:  .'ii  factor 

3.  Ibe  problem  of  obtainin;;  z  sui'ficieutly  loi;  sub-ti-ansient  re¬ 
actance  to  provide  optb'.rura  ciinrring  gain. 

The  system  selected  .as  auijorior  co:  prised  30  throe-phase,  f \ill-wavo, 
pliase  staggered  silicon  rectil  ier.u,  providing  the  equivalent  of  i;6-ph£.3o 
rectif ic.ation.  Tlio  p.hase  stvif^gerlng,  acco.upli.shed  throu.gh  the  design  of 
the  rectifier  transformers,  provides  .uui'ficieiTtly  Icn;  composite  haraonic 
line  currents  tLit  AC  line  filters  will  very'  probably  pircr/o  unnecessary. 
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Art  Inchictiori  rcc^ilntor  vms  scloct.:cI  to  oont  i'oj  too  vo7  r  :,-!  i.i*v,yi.dc 
r.oyi’rnl-seconJ  line  voltaj'o  correction  to  ^  In.  T,*/  r.  cl.iJ'i -i  n,  ti  nij- 
I'orrr.ers  end  rcijulatcr  viill  be  ji-tckaccd  in  ouLiioor  uo-it  icr-pi'ooj'  atrectures 
to  eliminate  buildinj^  costs.  Tiie  circuit  breaV^ra  arc  also  in  ucatlier- 
prooi  housiiins  ccntirally  located  at  the  hi-llne  feed  center  to  protect 
the  AC  distribution  lines  as  \-ell  as  tlve  rectifier  units. 

It  is  expected  tiiat  t)K2  rectifiers  till  kive  reliability  e<)uivalent 
to  that  of  AG  substation  equipment.  The  desip.n  and  reliability  of  all 
parts  are  such  that  maintenance  will  be  X'irtually  tmnecessaiy  ar.d  ooera- 
tirm  fault  free.  Spare  power  supplies  with  automatic  switchinc  equipment 
are  not  considered  necessary.  ;{cctii‘icailon  is  efficient^  and  operation 
ar.d  maintenance  costs  both  Icvi. 

kipure  I  shovf'j  the  relative  econoiX''’  of  various  transformer  siue  op¬ 
tions  and  helps  e:<plain  w^y  thirty  units  u’cre  selected  to  meet  overall 
requirements.  The  cost  advantace  of  lari;er  sized  units  is  exploited  to 
near  laa-Xirn'm;  and  i-vachine  c.apability  is  still  close  to  jr.axiraum,  not'uith- 
standine  the  no.ssiblc  down  time  of  one  In  thirty  units. 

Pulse  Voltace  HCj',ulation  +  0.2l)';5 


Some  variation  in  residual  PM!  volta,;e  ua.a  anticipated  due  to  random 
variation  in  modulator  snitch  deionization  time.  This  would  cause  vari¬ 
ation  in  subsequent  peak  char(;ini;  level  and  pulse  voltaic.  Also,  the  in¬ 
duction  regulator  co.^ective  action  is  not  fast  enough  to  offset  antici- 
jxitcd  line  voltage  variations.  Therefore,  a  ;.2''‘>t<’n  vms  ir.coiT'Orated  in 
the  nrotolyijc  design  for  autoixatically  regulatdnf;  the  Pi'll  j»ak  chargirg 
level.  This  system  provides  for  returnLng  excess  energy  stored  in  the 
cliarging  iixluctor  to  the  power  supply  filter  rather  th.an  dissipating  it. 
Figure  II  is  a  bloc'x  diagram  of  the  circuit, 

Transfcnricr  Tj  serves  as  a  charging  irductorbut  lias  an  extra  wlr*dlng 
used  for  retvu'ning  the  energy  stored  in  the  iron  core  to  the  pa.'er  supply- 
filter  capacitor  when  network  charging,  action  is  interrupted.  With  the 
turns  ratio  eq-.ial  to  1.5,  the  secondary  voltage  exceeds  v;her.cvor  the 
priiTUirx'  voltage  exceeds  0.6?  Vj^,  or  the  nc-f..-ork  voltage  exceeds  1.6?  Vv. 

T!ic  comparator  refere.acc  can,  therefore,  be  set  so  that  V,  fires  at  any 
given  network  voltage  between  1,67  and  2  for  Idealised  charging. 

'ifnen  y]_  fires;  charging  imrediately  ceases  since  tiie  ccconde.iy'  voltage 
is  clamped  to  primaiy  volt-age  to  .67  \  and  diode  GR-1  isolates 

the  n-'U  from  fui'thor  action.  Tl»e  transf oi-a.-.er  amper-tums  cannot  change 
instantly,  so  the  prir.ary  rcs.adual  charging  current  is  instant^  replaced 
hy  a  corresponding:  secondary  current  which  flows  into  the  filter  cnpaci-tor 
again.at  the  relatively  fixed  power  supply  voltage.  This  c\u'ront  reduces 
linearly'  to  zero  in  a  fraction  oi’  one  millisecond  according  to  the  rate 

^.cccondary 

C;{-2  assists  V,  in  sustainir.*;  the  reverse  voltage  present  at  terminal 
B  during  the  first  naif  of  the  charging  cycle. 
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Tua  obsenred  perforr,ance  \3  f;reat\v  cor^nl  icnt^ed  by  the  presence  of  the  ^ 
distributed  capacitonce  and  leaxaite  inh'JCU'r.ce  of  T-1. 

Figure  III  shous  additior.al  jjaranietjra  uhicli  must  bo  considered. 

is  the  total  prirai'y  circuit  lead  inductance. 

Cj^  is  the  primary  comnonent  of  the  transforrer  distributed  capacitance. 

is  the  transfonrer  leakage  in.iuctance- 
C2  is  the  secondary  uii'.ding  distributed  capacitance. 

These  parameters  respond  to  three-  distinct  changes  in  circuit  con¬ 
ditions,  tncludirtg^ 


1. 

2. 


The  firing  of  V^,  the  JeU'ing  swi 
The  discharge  01  C]^,  C2  v?hcn  t'.c 
2cro  and  the  volta/e 
The  firing  of  the  r-z 


iitch 

2  vnon  L-.c  charg’ng  current  has  fallen  to 
♦  point  1  r-ust  fall  froii  1.6?  to  V^j. 
■r/itch  tube.  This  behavior  is  quite  com¬ 


plicated  and  provides  suificient  raterial  of  itself  for  a  lengthy 
technic-al  ^y  'vcr,  t:.o  rvjt  effects  which  must  be  considered 

in  the  design  can  le  roadilv  ap'rc-c; ated. 

A.  Socor/hary  trinsicuL  voltage  swings  at  the  time  the  main 
si.'itc'i  fires,  are  considerably  greater  than  simplified, 
idoalicea  tb.eory  v.'o\ild  indicate,  causing  insulation  prob- 


3. 


i  V  t  •! 


"far.t"  rLr';gii-,g  current  is  s uperir, posed  on 
tlie  ccclin.inr,  rerp  current  i;hlcl.  should  flew  in  the 
secenJary.  If  its  ar.plitixJo  is  permitted  to  exceed  the 
rar.p  c’-a-nu’.t  n-'txljmn,  the  n  it  current  v;  ill  swing  through 
zero  causinc  deionisation  of  ard  resumption  of  PFN 
chargir.)',  disruptinj  regulation. 

Damping  circuits  were  added  to  control  the  p'/ornll  perfomance  with 
considerable  success  but  v;ith  some  reduction  in  cii'cuit  efficiency.  Study 
of  impreved  damping  arrangcr.tjr.ts  continues.  Figure  P/  siiows  a  family  of 
curves  demonstrating  the  independence  of  pulse  voltage  and  00  voltage  over 
nearly  full  theoretical  ranf’.e. 

?!ie  Switch 

Three  nvajor  alternatives  considered  for  the  sv;itching  device  included 
the  spark  g<ap,  thyratrun  -and  i  ;;;itron.  SlaiLfurd  hid  proven  the  f  easitaillty 
of  the  spark  gap  u«  this  service;  but  its  siiortcominga  including  significant 
maintenance  requirc-r-.ents,  audio  and  ItF  nclse  i;c:':ci'at.ion,  aiid  deionization 
problems  are  well  Vnov.-n.  The  latter  can  be  ivindloJ  satisfc.ctorli;/  by  care¬ 
ful  design,  but  no  r.ethoil  of  elijctnating  tlie  neccaaoiy  maintenance  was  known. 

A  thjvratron  luving  full  cipabiUty  was  not  available  early  in  the  offort| 
but  rai)id  progress  lias  been  rnje  in  tlio  a rt;  and  we  feel  a  suitable  tube 
will  be  available  prior  to  th.e  ra  jer  procurfmir-nt .  Mo’wever,  the  ten  year 
tube  complement  cost  is  presently  cotisidered  excessive;  and  operating  life 
expectations  are  not  as  Icngtrg'  as  desirable. 

Available  Ignitrons  had  been  nnciateJ  at  ^Itanford  at  tlio  full  power 
requii eiiont  of  tlio  syst*^.-;.  I-siitron  lu'e  in  otlicr  forms  of  service  liad 
been  sufficiently  Icngtiiy  to  strongly  cncoursg.c  the  .iudgcnicnt  that  the  Ig- 
nitron  would  prove  tlie  .-.ininoa  ton-year  cost  ilsvlcc.  Optimum  igniter  cir¬ 
cuitry  from  a  life  st-indpolnt.  is  still  i.ui  lor  study,  ami  jxirformance  dat-a 
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are  belnfr  accnnntlatBA.  The  arc^hru  rate  is  also  urwier-  strdy.  Shonld  this 
dcirlce  prove  di*vappointiji£  it  is  considered  that  or«  ol'  the  alternative 
devices  ccruld  be  substituted  without  sirniftcent  charge  in  operating  philos¬ 
ophy  or  perforraance  characteristics.  'While  a  reliable  solid-state  switch 
seems  very  desirable  in  this  application,  no  development  known  to  us  liad 
offered  encouragement  that  suc'n  a  device  ;rill  be  available  in  the  necessary 
time  cycle. 

The  pov.er  suenly  v o’ tags  level  was  selected  with  consideratiem  of  the 
expected  capability  of  the  i^yiitron,  the  suitability  oi  the  required  pulse 
ti'ansformer  turns  ratio,  and  nominal  corona  suppression  requiremeirts.  Ad- 
justffient  dovtnuard  seems  most  likely  if  ar\y  departure  from  the  extsting^  de¬ 
sign  proves  meritorious. 

The  Pulse  Forming  l.'etuork 

A  nuiober  of  pulse  foming  nci./ork  conf  i,:ur3tiuns  v/ere  devised  and 
tested  in  a  scale  model  pulser.  Bl^cr.lein  circuit  o;)c ration  was  irxluded 
among  the  tests.  A  unit  using  coils  without  rrstual  couplinf;  was  considered 
prondsing  for  a  number  of  reasons.  It  was  knenm  th.ai  a  rectangular  pulse 
into  a  resistive  load  could  be  .ipnroxii^atod  to  any  desired  degree  simply  by 
increasing  fne  iiumber  of  identical  sections.  Moreover,  without  mutual 
coupling  each  section  has  first  order  level  control  on  only  a  restricted 
portion  of  the  pulse  duration.  Tiiere  is  a  linear  correspondence  between 
points  in  tine  on  the  pulse  and  physical  points  down  the  length  of  the  net¬ 
work.  This  arr'iigcnent  nronlsed  rapid  and  easy  adjustment  to  corr>enoato 
for  the  droop  and  overshoot  distortior.s  caused  by  the  pulse  ti’ansfomer 
equivalent  circuit  _mram€ters. 

> 

Tlie  scale  model  tests  clearly  confirmed  the  antio.-p'fted  perfomajice. 
Coil  adjustability  waa  obviously  the  most  flexible  a  rrungerwirit.  These 
were  constructed  as  in  I'igure  V.  Coarse  control  is  available  with  strap 
t3.es  and  vernier  control  by  adjustment  of  t-he  copper  slugs. 

Polyethylene  insulation  was  chosen  for  the  capacitors  in  order  to 
minimize  losses.  Added  e.xpense  is  compensated  for  by  reducing  power  cost 
and  the  absence  of  required  cooling  apparatus.  V;c  estimate  that  the  losses 
are  about  one  thii'd  of  the  equivalent  paper  Lnsulated  network.  This  is 
supported  by  Q  measurenent s.  The  tanpereture  rise  of  the  throe  capacitors 
nearest  the  front  end  is  significantly  higher  tl'nn  the  others  as  expected, 
but  v;ell  v;ithln  design  tolerances. 

The  unit  can  tolerate  a  surprising  amount  of  series  lead  inductanco 
although  this  disturbs  the  th-eoretlcal  configuration. 

Full  ycale  results  arc  very  close  to  the  scale  model  test  results.  A 
mathematical  analysis  of  this  type  of  pulse  fonaing  network  was  performed 
by  lir.  T.  Douiua,  of  RCA.  It  r^as  determined  that  versatility  of  the  unit 
is  theoretically  supported,  'ire  mathematics  involved  was  sufficiently 
interesting  that  tiie  analysis  will  be  the  topic  of  another  paper. 

The  Pulse  Transformer 

Mr.  Douma  also  performed  a  very  interrstlng,  nvathematical  analysis  of 
the  pulse  transformer  cc;uivalent  circuit  resjjonue.  This  extends  the  onaly- 
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FIGURE  3Z: 

FORMING  NETWORK  COIL  ASSEMBLY 


sia  prea&txbed  in  Voltne  V  at  tte  H.I.T.  EidlatioiT  Series .  Hany  Interesting' 
irraphs  «ere  dnvm  showing  the  relative  impact  of  design  choices.  Figure  VI 
depicts  one  parttrularly  interesting  curve  shcnjlng  two  possible  L/C  ratios 
(leakaf^e  Inductance  to  load  circuit  capacitance)  for  any  given  pulse  over¬ 
shoot,  using  an  ideal  transmission  line  driving  source.  The  low  L/C  ratio 
is  rarely  used  in  practice  because  a  sufficiently  low  leakage  inductance 
is  difficult  to  attain  physically,  but  analysis  shows  that  if  the  art  pro¬ 
gresses  to  provide  this  need,  much  more  efficient  transfonaers  will  result. 
The  li  deoi£7i  approaches  this  'Jut  I’m  adjustment  is  relied  on  where 

the  pulse  transformer  ;Taraneter  attainment  falls  short. 

Two  broad  aiuia  guided  the  transferrer  approach.  The  first  was  tn 
minimize  the  volume  of  Lnsulation  bettrecn  the  windinoO  to  nlnimiso  leakage" 
inductance.  The  second  was  to  ninimize  the  volume  of  Iron,  to  minimize 
core  losses. 

To  minimize  the  volume  of  insulation,  an  oil  insulated  transfonrer  was 
selected  with  the  oil  stressed  to  a  maximum  safe  li/ult  and  stressed  vint- 
forriily.  The  Latter  requires  ^-raded  vJindiiig  s;.ncing  so  t!aat  stress  Is  uni¬ 
form. 

The  low  core  loss  requiremetA  Is  achieved  by  biasing  the  core  to  per¬ 
mit  use  of  tlic  full  D-H  loop;  also,  of  course,  by  careful  core  selection. 

Th.ese  ideas  are  not  new  but  were  firm  considerations  for  selection  of 
a  transformer  design.  An  i'eportant  additional  adva!itaf;e  considered  was 
that  the  oil  could  be  flushed  after  a  flashover  and  operation  continued 
without  sii;niricant  maintenance.  In  trie  case  of  several  arcs  actually  ex¬ 
perienced,  so'C  darngc  to  thrc  coil  form  resulted,  'lowever,  the  units  are 
designed  to  run  with  the  oil  nz'ceessed  and  the  core  sealed  under  a  slight 
vacuui'i,  and  this  v;as  not  done. 

Air  bubbles  on  the  coil  form  suiface  are  s'uspected  as  the  prime  cause 
of  arc-over.  Tollouing  repair  of  tu'o  which  had  arced,  three  units  were 
operated  at  full  voltage  without  incident.  (These  were  vacuum  pumped  to 
remove  air  bu'cbles.) 

'./hile  accurate  less  measun i-ients  have  not  been  made,  the  transforiner 
operation  is  exceptionally  efficient,  with  core  losses  less  than  one  kilo¬ 
watt  in  75  handled  -  and  uncompensated  droop  less  than  1^.  The  leakage  in¬ 
ductance  referred  to  the  secondary  is  approx ii.utely  2U0  nicrohenrys.  The 
prijuarj''  pulse  voltage  is  20  ;  and  the  secondiry,  2^0 

figure  VII  is  a  photograph  of  the  core  anc;  coil  assembly. 

Paralleled  primaries  and  3ccor<dnriC3  arc  v;ound  on  each  leg  providing 
blfilar  characteristics.  Tests  on  a  J^^rd  ’..'indLn;;  arrangement  revealed  a 
second-order  oscillatory  mode  vdiic'n  disturbs  pulse  flatness,  so  this  v;as 
avoided.  Desipi  of  the  isolation  inductor  for  core  resetting  did  not 
present  any  significant  ni o'olesis,  and  the  level  of  resetting  current  did 
not  prove  critical  or  touchy. 

i'.odulator  ■  iijdi  Voltage  Diodes 

A  study  of  modulator  diodes  shored  that  silicon  diode  assemblies  would 
present  minimum  ten-year  cost  if  they  are  designed  to  last  the  life  of  the 


FIGURE  VI! 

PULSE  TRANSFORMER  PACKAGING  ARRANGEMENT 


equlytiKJiio* 

The  developr.Tent  problem  prer.enteJ  wr,3  to  dotennine  safe  diodo 

ratings  by  identify  ini;  bhe  vorst  expos 'jr<;  to  transient  stresses  in  the 
equipment,  i'or  economic  reaso:is  it  is  essential  tiiat  t>ic  diode  does  not 
fail  ur.der  even  occasiornl  fault  conditions,  is  is  \;ell  kno’.-Ti,  ,qas  tubes 
and  vacuuin  tubes  i.-ill  freqix  ntly  tolerate  transient  overstresses,  but 
silicon  nssenblies  diaaui.'ear  functionally  fron  the  circuit  ’..-hen  a/erloadcd. 
More  than  twenty -five  resonant  cii'cu't  i.'x>ies  ere  sliock  excited  by  norral 
op>er2tiQn  or  equioiaent  faults.  Host  of  these  v.-hich  can  be  i,';nored  vihen 
solid-state  devices  arc  not  employed  iiad  to  oe  considered  )iore.  The  reost 
vexin.'  aiid  uncertain  nrcblem  contended  ith  \:.as  diode  lail'ui-e  due  to  in- 
vorae  voltage  ao-'earing  too  quickly*'  folloviin-',  forward  conduction,  iio.ievor, 
the  ratings  arc  difficult  to  dctominc  under  any  circinstance.  The  v;orst 
case  01  heating  due  to  the  combination  of  forward  conduction  losses,  steady- 
state  inverse  voltage  losses  and  post-eo:iuuctior.  inverse  voltage  hx-ating 
must  be  identiJ'icd  and  accounted  foin 

High  voltage  siliC'.'w  diode  assemblies  are  ei.ployed  for  ttie  "holdoff", 
''De'.d  ing'*  and  "c-nd-of -I  ine-clipiwr"  functions. 

jiff'ised  .iisiction  diodes  t;crc  onployed  for  the  "charging''  and  "end-of- 
li".e-:lip7>3r'  diodes  bec-nise  their  lo.  er  leakiog  current  minimizes  lY’J 
disr.lwrged  during  the  pulse  interval  at  lovr  repetition  rates,  ilore 
economical  alloy  Junction  units  v;cre  used  in  the  Deb'ing  diode  assembly. 

fault  .lonsinp  and  Protection 

Thirty-tv;o  modulators  arc  feu  from  each  :)Z  rectifier  supply.  It  is 
undesirable  to  lose  o^wration  of  a.  thirtvr-tno  Uiiit  sector  for  more  than 
several  millisecon-is  in  the  event  of  modulntAir  failure.  Original  concepts 
of  d’oripin;',  the  sector  bus  to  permit  disooru'.ect  of  a  faulty  unit  were  dis¬ 
carded  early  in  favor  of  a  system  providing  successful  DC  interruption  to 
remove  the  faulty  unit  without  intcrrai^tion  of  trie  other  units.  To  facili¬ 
tate  this  the  rippl-j  filter  vas  divided  to  provide  ix?r/unit  filters  in  each 
iiodulatxjr  of  l5  hy  and  ;>  nfds  each,  A  series  fast-breaking  vacuum  switch 
with  each  teivoinal  by-oassed  by  se;7nents  of  the  filter  capacitor  interrupts 
the  fault  in  about  tuo-and-one-half  milliseconds.  (Sec  figure  ’/III) 
Rigorous  transient  analysirj  was  underta’xen  with  this  a rrrmgemcnt  and  the 
saturation  levels  and  residual  inductances  of  fse  charging  inductance  and 
filter  cho'w.e  are  controlled  to  cause  a  curi*cnt  zero  through  the  vacuum 
switch  in  the  vicinity  of  the  tjjne  of  opening. 

T!io  vacuum  swilcb  is  opon'ated  from  a  tlt'ratron-sr.'itchod  storage 
capacitor  for  accelerated  operating  speed. 

The  thyratron  is  trig.gerod  by  a  sigail  dcrivt-iJ  from  h  specially  de¬ 
signed  current  transfoxr.er  i/nich  detects  ch.rgL’ig  current  levels  in  excess 
of  the  nomal  maxiiium,  A  thyrite  eli.-iont  across  the  f-iltew  choke  is  neces¬ 
sary  to  damp  transient  sin-ngs  followia;  the  overload  current  interruption. 

A  high  voltage,  slower  acting  fuse  prox-idcj  bac'aip  protecti  on. 

iriystron  arcing  is  sensed  and  the  .'<rcing  cuiTcnt  integrated.  IT  the 
inte-jral  exceeds  a  selected  value  in  a  given  tmi  pulse  train,  modulator 
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FIGURE  3Z3II 

STANFORD  ACCELERATOR  MODULATOR 

OTHER  FAULT  SENSING  p., 
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AC  DISTRIBUTION 


tricgering  is  iatexTupted  'to  protect  the  klystron.  Sevoml  consecutiv# 
arcs  can  ha  tolerated  vithout  3hutdo\/n,  to  aid  in  klystron  seasoning, 

A  matched  silicon  diode  inverse  elippot  cr  "end-of -line-clipper"  is 
connected  across  the  remote  «iid  of  the  puL'se  forming  network.  V/hen  the 
klystron  arcs  and  short  circuits  the  iVl.',  tlie  enerfO'  is  drained  from  the 
Pr'lJ  without  sijpiificant  inverse  voltage  appoarixig  at  the  switch  tube  end. 

Vhe  next  charging  cycle  is  thus  normal  in  all  resixscts.  Significant  cur- 
icnt  flows  in  the  inverse  clipper  only  v;hcn  a  klystion  arc  occurs.  Hence, 
a  current  transfon'Jii'-  in  this  loop  provides  a  sampling  for  the  arc-current 
integration  discussed. 

Other  more  ccnventional  nrotccticii  circuits  such  as  klystron  lilujacnt 
undci*voltage  and  undercurrent  devices  and  cooling  system  switches  causa 
modulator  trij^ger  removal  under  abnormal  conditions. 

Ignitron  ileloni cation  Control 

In  most  line-type  modulator  Jesirjis,  the  PfK  is  slightly  undomnatched 
to  cause  switch  deionization  promptly  after  the  pulse. 

Wltli  the  parameters  in  the  modulation  described  here,  it  was  deter¬ 
mined  that  if  the  s’witch  v;ere  kent  in  conduction  immediately  after  the 
pulse,  it  could  serve  as  a  pulse  transfoirer  backsv.'i.ng  clipper.  In  this 
mode  of  operation  the  transforrer  exciting  cunont  flws  through  the  series 
Fi'iJ  caiaacitajiGs  and  switch  tube  after  tlie  pulse,  until  the  transformer  core 
ener(^  is  transferred  to  the  P/il  capacitance.  At  the  moment  tie  exciting 
current  passes  thi'oug’n  zero.  Hie  ivsultani  inverse  Pri!  voltage  shuts  off 
the  switch,  Vhe  "cnd-of-line-clipiici'"  previously  described  disturbed  this 
arrangement  since  it  shunted  the  Pr’H  preventing  necessary  reverse  voltage 
buildup.  Deionization  problems  resulted,  ilence,  a  thyrite  i*esi3tor  was 
added  in  series  vjith  tiie  clipper  circuit  matching  resistor.  Its  resistance 
is  negligible  at  current  levels  resulting  from  kli'stron  arcing  but  is 
several  hundred  ohm.s  at  the  pulse  transfonner  exciting  current  level.  This 
is  s'off i.cietitly  high  that  deionization  control  viaa  restored. 

DC  Distribution 

To  pipe  ttie  DC  voltage  to  the  modulator  stations,  a  system  of  jjrefab- 
riented  hanvaases  using  //2,  7-strand  pa..’cr  cable  viith  a  beefedup  shield  to 
handle  return  curr-ant  is  j^resentlv  considered  optim\)m.  Specially  designed 
connectors  will  permit  prefabricated  sections  to  be  joined  into  continuous 
lengths  or  end  fed  from  a  feeder  cable  of  ttie  same  size  from  a  sector  power 
supply,  lunch  hrmiecs  will  consist  of  a  Icnj-th  of  cable  with  as  many  per- 
nanont  takeoffs  at  10-foot  inteivals  as  shipiJing  and  handling  refiuirenieots 
will  permit.  In  Pliase  I  when  only  2h0  equipments  are  operated,  the  unused 
ends  wl'.ich  will  eventually  tie  into  the  rodulator  wiiits  are  capped  with 
rubber  boots,  when  switchover  to  Pliasc  II  for  operation  of  56O  modulators 
is  required,  the  liarness  lengths  can  be  reconnected  one  sector  at  a  time, 
without  machine  shutdown.  A  sorvlco-diiioon.’vct  si.'itch  is  ho\iscd  in  the 
r.od'.ilntor  'with  tlis  hot  tembjal  shielded.  Vhe  disconnect  owitcli  must  bo 
opened  to  ivernit  entry  to  the  modulator.  I.'olsc  radiation  nrobli’ns  are 
nininlzcd  ny  mintaiiiing  coaxial  integrity  from  tl-e  po\;cr  supply  unit  to 
each  modulator. 

figure  VIII  sh:oi.'s  5jx  broken  diagram  fom  the  higlilights  of  the  design 
v.’hich  have  been  discussed  here. 
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The  results  of  various  perfoimance  tests  on  three  rculti-grid  Ignltrooa 
(GL-6228,  Z5233  Z5234)  are  presented-  These  tests  were  conducted  to 

evaluate  the  feasibility  of  using  tl.ese  tubes  as  the  high-povrer  switch  in  the 
ncxiulators  for  the  two-mllc  linear  electron  accelerator  being  built  at 
Standord  University.  Mcasurecionts  relating  to  peak  current,  peak  power, 
average  power,  I'.old-off  voltage  and  Jitter  are  described.  In  aildltlon,  a 
number  of  general  observations  relating  to  the  operation  of  Ignltrons  as 
switch  tubes  are  reported. 

A  n'omber  of  experimental  observations  relating  to  the  deionization  and 
recovei'y  of  igultroas  following  a  inilse  are  described.  They  compare  the 
effects  of  peak  pulse  current,  cooling  water  temperature  and  pulse  repetition 
frequency  on  the  deionization  time  of  the  CL-6223  and  the  Z5233.  Results  of 
tests  on  an  exper Lmentally  designed  ignitron  are  also  reported. 

The  accumulated  observations  fren  our  test  program  provided  clues  to  the 
deionization  mechanisms  operating  during  the  recovery  period.  These  mechan« 
isms  are  discussed  and  fonnuldted  mathematically.  Comparisons  between  theory 
and  experiment  are  presented.  On  the  basis  of  this  theory  suggestions  are 
made  for  design  changes  t.o  Improve  Ignltrons  for  pulse  service.  Addltlonad. 
suggestions  for  future  theoretical  studies  are  also  given. 

lOTRODUCTION 


In  the  spring  of  1959  a  research  program  was  Initiated  to  find  a  device 
to  serve  as  the  hlgh-power  switch  for  use  in  the  modulators  for  the  Stanford 
two-mlle  linear  electron  accelerator.^  The  switch  had  to  make  possible  the 
development  Of  modulators  Jiavlng  the  following  principal  specifications. 


Feak  power  output  (max) 

.Average  power  output  (max) 

Output  pulse  voltage  range 
Output  pulse  current  range 
Load  impedance  range 
Pulse  length  (flat-top) 

Rise  and  fall  times  (max  0-100/t) 

Pulse  repetition  rate 

Pulse  heiglit  deviation  from  flatness  (max) 


6U  Mw 

74  kw 
158-248  kv 
120-258  amps 
I32O-962  ohms 
2.50  psec 
0, 7  psec 
60,  120. . , 360/3ec 
1  0.53t 


/ 


How  with  General  Capacitor  Co. 


Palo  Alto,  Calif. 
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Pulse  time  Jitter  (max)  +  10  musoc 

Pulse-to-pulse  amplitude  Jitter  (uvix)  ±  0,25^ 

In  addition,  the  modulator  luid  to  be  the  dor.ltjn  that  would  be  most  economical 
wheii  maintenance  and  op^'ratln4j  coats  over  a  ten-year  pierlod  were  taken  Into 
accotmt. 

As  a  I'esult  of  our  Investigation  wo  have  established  that  commercially 
available  multi-grid  Ignitrosis  can  bo  useii  successfully  as  high-power  switches. 
Specifically,  tliey  make  possible  the  de vol spment  of  modulators  which  not  only 
satisfy  the  rcqulremonts  outlined  above  but  which  surp>ass  the  specif Icatlons 
In  many  ways.  We  believe  tliat  Ignltrons  afford  a  major  advance  in  hlgh-power 
switch  capabilities  plus  vei-y  long  switch-tube  Itfetimes. 

To  date,  three  different  nrldded  l.'nli. 'sens  liave  boe'i  tested  at  Stanford. 
They  are  tiie  GL-c228,  tiie  and  t'le  Z523^.  The  p-orformaiice  data  for  tiie 

GL-6228  have  been  reported  0 1  scwiieje^  and  will  not  in?  repeated  here.  However, 
we  do  have  one  additional  observation  to  report  in  connection  with  the  GL-6226. 
It  relates  to  pulse  rep/ot.  1  tic.n  frequency.  While  vl siting  another  laboratory, 
we  were  privileged  to  watch  a  mo-iulator  having  a  GL-6228  for  the  hlgh-power 
switch  operate  at  a  PfR  of  1  kc/s.  The  average  power  level  was  150  Kw;  the  , 
pulse  length  was  3  pscc.  The  .success  of  this  test  adds  confidence  to  our  be¬ 
lief  that  ignitrons  can  be  opertitcu  at  mucii  liig'ner  reo  rates  than  normally 
attributed  to  merem-y  vapor  tubes. 

The  second  raultl-grld  Ignltror.  to  bo  tested  extensively  in  our  laboratory 
was  the  Z‘3233,  which  was  designed  specifically  for  p’slse  service.  We  found 
that  this  Ignltron  fulfilled  all  the  requirements  set  forth  earlier  and  sur- 
passed  several  of  them.  For  instance,  wo  operated  successfully  at  an  average 
power  level  of  120  kw,  twice  that  required.  Wo  noted  that  the  operation  of 
the  Z5233  was  somewhat  less  sensitive  to  cooling  water  temperature.  It  would 
continue  to  perforsi  with  a  \;ater  te-mi'crature  near  20  C  wliereas  the  GI.-6228 
would  not  operate  below  23  C.  The  control  grid  bias  required  for  optimum  re¬ 
sults  was  around  2.5  l^v. 

We  also  tested  a  7.5233  without  a  splash  baffle  and  found  It  to  be  as 
satisfactory,  if  not  more  so,  as  the  7.5233  with  baffle.  In  one  test  we  start¬ 
ed  the  modulator  25  times  wltiiout  failure  at  a  pKjak  power  of  21  Mw  wli.h  the 
cooling  water  at  20  C,  directly  from  the  water  tap.  i\lso  soine  of  the  spurious 
signals  which  we  observed  on  the  oscilloscope  trace  of  the  p'jl.se  current 
following  the  conduction  period  were  noticeably  less  frequent  when  the  7,5233 
without  baffle  was  In  the  modulator.  Those  observations  are  reported  without 
co.-nraent. 

Considerable  success  has  .also  been  achieved  in  using  the  Z523H  In  pulse 
service.  This  Ignltron,  wiilrh  is  a  c-calcd-up  version  of  t’ne  Z5233,  bas  been 
Incorporated  In  the  modulator  for  tiie  J'ark  IV  linear  accelerator  at  Stanford 
University.  This  modulator  drive.s  a  pair  of  klystrons  with  the  7.523**  switch¬ 
ing  up  to  SCXDO  arapeies  evenly  divided  between  the  two  loads.  Typical 
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performanCG  parameters  are 


Peak  Power 

26c  Mw 

Average  Power 

56  kw 

Hold-off  Voltage 

33  kv 

Pulse  Length 

3  psee 

Rep  Rate 

60  pps 

The  Hark  IV  mi)d.ulator  has  isow  log;jed  sorre  6C0  liourc  cii"  rarrvicc  aiid  <  he  Ignl- 
tron  Is  perfoianlng  aatisi’actortly  In  all  respects.  Vfe  did  observe  that  a 
cooling  water  tc-nFeratuve  of  4o  C  for  tlie  '^23**  led  to  most  cati.sfactory  oper¬ 
ation.  This  Is  some  **  degrees  hlglier  than  we  use  for  the  GIj-6220.  The  per- 
fomance  characteristics  of  the  Z523**  at  hlgiicr  rop  rates  was  not  Investigated. 

One  final  series  of  tests  was  run  on  an  Ignltron  of  our  own  design.  On 
the  whole  the  tube  was  disappointing  as  comixircd  to  the  other  tubes  we  tested. 
We  could  achieve  only  about  5  peal:  power  with  any  reilnblllty.  There  are 
two  reasons  for  this.  Because  of  the  grid  design,  we  could  .not  raise  the 
bias  voltage  above  I."?  kv  without  obtaining  a  long  path  discharge  to  the 
cathode.  Thus  wo  could  not  maintain  proper  control.  Also,  the  ar.ode -gradient 
grid,  region  was  too  small  and  deionized  too  quickly.  This  prevented  the  In¬ 
verse  anode  voltage  from  reaching  the  iragnitude  necessary  to  prevent  a  re- 
Ignitlon  of  tl'.o  discharge  befoie  iccovery  was  co-npiote.  Both  thecc  design 
faults  can  be  corrected,  but  the  shifting  emphasis  of  the  work  at  the  ac¬ 
celerator  center  will  probably  curtail  any  further  dcvelopnient  work.  Both 
the  GL-6228  and  the  Z^^33  will  function  Eatlsfaclorily  and  are  readily  avail¬ 
able  for  use  In  the  project  modulators. 

GF21ERAL  ORGEHV/VTION.S 

In  addition  to  the  results  of  specific  performance  test.s,  theie  are  a 
number  of  general  observations  to  be  made  regarding  the  pcrfoi'm-ance  of  ignl- 
trons  as  switch-tubes  The  first  deals  with  tube  life.  Our  experience  to 
date  has  shovm  that  only  two  things  can  limit  the  life  of  an  Ignltrcn  tube. 

One  Is  Ignitor  failure,  and  the  other  Is  some  mechanical  damage  that  lets  the 
tube  down  to  air.  With  regard  to  ignitor  life,  we  make  lise  of  an  obseinratlon 
by  Ciinmings^  who  found  experimentally  that  the  velocity  of  rathede  spot  migra¬ 
tion  was  a  iluictlon  of  tube  current.  Therefore,  wa  prc-flre  tiie  Ignitor 
several  microseconds  befoie  application  of  tlie  grid  pul.se.  Dui’ing  the  interval 
between  the  firing  of  the  Ignitor  and  the  application  of  the  grid  pulse, 
current  should  be  <irawn  to  tlic  holding  anode.  The  advantage  of  this  type  of 
operation  is  to  improve  Ignitor  life  by  allowing  time  for  the  cathode  spot  to 
migrate  away  from  the  ignitor  Itself  before  the  main  pulse  current  flows. 

While  it  is  lmpos,'=.role  to  nsslgn  precise  munbers  at  thla  time,  experience  In¬ 
dicates  that  a  10  micro.sc-coui  doloy  wltl)  a  holding  anode  current  of  tlie  order 
of  500  amperes  Is  sati.sfactory.  V/e  have  now  operated  two  tubes  In  accordance 
with  these  parameters  In  excess  of  U,000  hours  with  no  sign  of  Ignitor  failure. 
The  reader  Is  referred  to  tr.e  earlier  work  of  Curnjiilngs  for  a  more  detailed 
discussion  of  the  mechanism  of  cathode  spot  migration. 
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other  groups  have  had  significant  success  In  using  Ignltrons  In  pulse 
service.  'in  paatlcular,  we  hjive  kno'/le-dge  of  one  radar  Installation  which  has 
had  1+8  Ignitrons,  Typo  “^jO,  In.  continuoiir,  operation  for  about  four  years 
without  a  single  tube  replaoenicnt.  The  total  down  time  on  this  radar  lias  been 
While  these  tubes  arc-  oixjratlng  at  a  low  repetition  rate  and  with  very 
loTig  p'jlsas,  we  believe  this  experience,  added  to  that  gained  In  our  own  labor¬ 
atory,  giver,  ample  ground  for  presu-.ilng  an  indefinite  tube  life  for  ignitrons. 

Ivive  -scovered  In  woi'klng  with  tubes  ottier  than  the  GL-6228  that  the 
grid  Mas  voltage  required  for  most  stable  operation  docs  vary  fiom  tube  to 
■  ube  by  a  +’ew  per  cent,  and  varies  \  great  deal  bctv;een  different  tube  types. 
The  control  olas  voltage  ranges  from  -lyOO  volts  for  the  GL-6228  to  as  high  as 
3  lev  for  the  This  range  acc-ms  to  reflect  the  difference  In  grid  hole 

d lame Ccr  -- the  lowei-  bias  going  v;]  th  the  .smaller  liole  diasicLer  (assuming  the 
two  grids  .VO  the  rame  tliichncss) .  In  practice,  it  ccenis  best  to  adjust  the 
bias  for  i  err<:ct  croretJon  on  each  individual  tube. 


T.n  u.slng  ignltrcns  as  modnlotor  owltch-tubcs  it  la  desirable  to  mis'uat.ch 
the  lo?/'  In  toe  opposite  d:  roc. tion  I'l  u.m  the  convent. tonal  ralsmatch  employed  for 
hydrogen  tlnrstrors,  that  .c.  the  load  imiv.dance  must  be  coisewhut  higher  than 
tfi'  IJ  ..  Irupedance.  This  rc.iuircif.ont  stems  from  the  fact  that  during  tlie 
raise,  magnet  1  si r.g  currc.nt  .s  drewr.  by  the  pulse  tra!ir.foiu'.cr.  V.'e  find  -ici- 
pcrir-!ly  that  the  an‘Ount  o.’  lal.^rrsiteh  Is  determined  by  equating  the  ene  .*gy  In 
'.he  wlstsatclied  portion  of  the  pulse  to  the  energy  stox-ed  in  the  p’alco  trane- 
fo'— er  during  the  tnaln  pultt .  I'iii.s  degree  and  direction,  of  mlsrr  itch  vlll 
ca..£e  an  Inverse  voltage  of  'lie  pi-cscr  iiiagni  tude  to  sipprar  o.'  the  anodt  of  the 
Ignltron.  Experience  has  show,  tnat  tc  operate  stabl.y  at  low--,  levels  of  t..e 
order  of  100  or  200  kv  average  -.nd  vl*. h  pul.ie  cu.rrenca  of  >,C00  tc  5,000 
amjxres,  the  post -pulne  voltage  \t  the  e.-.odc  '■•hould  \'C  '■bout  300-500  volte 
for  a  time  comparable  with  l.he  rc-ni''c;y  t  l  .e.  Vol’i.u^cs  anpi'ocloble  greater 
Oi-  less  than  tb.ls  '<'a_iHe  wil.;  cause  t.-a.  f'uic.lone  loe  iiiig  to  a  fault.  Wi.lle  It 
Is  possible  to  achieve  these  results  vith  v.irJous  clipper  circuits,  mls- 
rsatchlng  In  the  mariner  dc-sc.-ibed  Is  '‘a  -  moi’c  cco  .ciniical  In  that  it  does  .xc-t 
require  expensive  clipper  ccoipo'.ent.s,  t-  ~)VCov".  ,  Is  las  hec-n  shown  that  tlie 
total  powei'  wasted  Is  the  car.e  v)iether  in  ..atchlng  t  s  utilized  or  a  bacV.swlng 
clipper  Is  employed. 


In  conolderlng  the  procilc.-n  of  pu.’.ne  fO’-mJiig  network  design,  not  only  must 
the  mismatch  be*  provided  as  outlined  above,  b'.’t  generally  ti'.e  impedance  of  tlie 
network  muot  be  tapvo'cd  to  .lakc  -i  i  tlic  r.-ifign itlulrg  cuiwent  and  still  yield  *i 
riat-iop  Tjoi'tloii  of  Che  pult  i  at  the  Output.  With,  x-efei'cnce  to  Fig.  1,  the 
reoulred  Tinmat-;!-  la  gl’a  n  by  riqi  etlng  the  energy'  In  the  refiect.ed  portion  of 
the  pulse  to  that  stored  In  the  xul  .e  tr  insfonner. 


hH 


Klg.  1--Mlsmatcb  required  between  line  and  load. 


The  ener;5y  stored  In  the  pulse  ti-ansforBier  Is 


where 


r  I  (y2t=)/2L 


'’X 

1 .  Vj  dt  =  V^t/L 


The  energy'  mlstnatched  portion  of  the  pulse  la 


(l/Rj^)  J  Vp  dt  ~  V*t/R^ 


v/i  equate  this  to  tlie  energy  stored  In  the  pulse  trarniformer  and  solve  for  the 
reflection  coefficient,  p  =  Vj./Vj^.  We  obtain 


Rf  -  1 


Vi'hllc  we  realize  that  both  the  load  and  the  line  Irapodance  arc  ccarplex,  ex¬ 
perience  has  shown  thfit  the  uagnitude  of  nlcmatch  as  Indicated  above  Is 
ale  quate . 
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The  value  for  the  initial  is  given  by 


^^o^lnitial  “  ■•■  P) 


Xt  la  required  that  Zq  reduce  as  a  function  of  time  (or  length)  to  make  up 
the  magnetizing  current  and  present  no  droop  In  the  load  pulse.  The  ncceoeary 
taper  la  calculated  to  a  first  order  by  assuming  the  simple  circuit  ehovn  In 
Fig.  2. 


Z„ 


For  this  circuit  V.  =  V  -  IZ  (t).  Solving  for  Z  (t)  and  approximating 
Ig  as  before,  namely  an  n 


■  (vu/ 


V  dt  =  V  t/l 


we  obtain  an  expreaalon  for  the  final  network  lni)edance.  It  Is 


,, ,  _  V''l  '  1 

l/K  +  i/l 


(5) 


In  practice,  a  linear  taper  or  the  network  iiopedance  between  the  value  given 
by  Eq.  and  that  given  by  Eq.  (4)  is  aatlofactoiy  foi-  dealgn  purposes. 


EXIEHl>!Ef;TAL  OIJSZnVATIONS 


Trie  basic  modulator  circuit  which  was  used  in  these  tests  Is  shown  in 
Fig.  3-  The  pulse  forming  network  with  impedance  Ic  charged  up  by  the 

Eupply  voltage  Ebb  through  tl.e  cliarglng  choke.  Tl;e  gradient  grid  of  the 
Ignitron  is  directly  grcicled  '^hile  the  shield  grid  is  grounded  through  a 
500  ohm  resistor.  The  Igi.itor  is  held  at  ground  i>otentlal  until  triggered  to 
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form  the  cnthode  spot-  Tne  control  is  malDtaliied  at  the  bias  voltage 

until  triggered  to  start  the  pulse. 

The  operation  of  the  Ignltron  over  one  pulse  cycle  Is  depleted  in  Fig,  4, 
The  cycle  begins  vlth  the  firing  of  the  igiiitor  to  fono  the  cathode  spot. 
Current  is  drawn  to  the  holding  anode  and  the  cathode  spot  xigrates  away  from 
the  vicinity  of  ti»e  Ignitor  stub.  .Vtsr  10-20  mlcjoseconus  the  control  grid 
is  triggered  on.  The  electrons  In  the  i;athode  si>ot  are  attracted  to  the  grid 
region  where  they  come  under  the  liifluence  of  the  high  anole  potential.  The 
pulse  current  througji  the  tube  begins  to  develop  as  the  electron  and  ion 
densities  and  temperatures  begin  to  Incieuse.  In  a  fracticn  of  a  microsecond 
a  low  pressure  arc  dlscherge  In  nvcrcury  develops.  The  anoie  voltage  falls  to 
a  few  tens  of  volts  positive  and  the  control  grid  ctatallltrs  at  a  voltage 
some  10-15  volts  less  than  the  anode.  The  pulse  forming  network  delivers  its 
energy  through  th.e  load,  the  Ignitron  now  acting  effectively  as  a  short 
circuit. 

After  i»n  interval  of  time  equal  to  the  pulco  length  of  the  line,  the 
pulse  network  his  delivered  most  of  its  energy  and  the  pulse  current  drops  to 
a  smaller  value  deteimlned  by  the  degree  of  mlsoutch.  Affxir  a  second  equal 
interval  of  time,  the  line  is  totally  discharged  and  the  pulse  current  falls 
to  zero.  “Ihls  marks  the  bogtTa.nlng  of  the  deionization  and  recovery  period. 

As  an  after  effect  of  the  ralscatch,  an  inverse  voltage  appears  on  the  anode. 
The  presence  of  this  inverse  voltage  prevents  reJgnltlcn  of  the  discharge 
until  the  control  grid  regains  control.  During  this  time  the  control  grid  is 
acting  as  a  probe,  extracting  ions  from  tlie  residual  plasma  and  forcing  the 
electrons  out  through  the  grounded  gradient  and  shield  grids.  When  the  Ion 
density  drops  to  such  u  value  that  the  Debye  sheath  fills  the  whole  grid 
region,  deionization  proceeds  by  an  ambipolur  diffusion  process  until  re¬ 
covery  is  complete  and  the  control  grid  lias  reached  its  full  bias  value. 

During  the  recovery  period  the  charging  of  the  network  has  esused  the  anode 
voltage  to  rise,  'fhls  charging  must  proceed  at  a  rate  which  is  slow  compared 
with  the  rate  of  recovery,  otherwise  the  anode  will  swing  positive  before  i-e- 
covery  Is  complete.  But  with  the  grid  region  deionized  and  the  control  grid 
operative,  the  charging  of  the  network  nwiy  proceed  as  rapidly  as  desired. 

The  completion  of  the  network  charging  jiiOrks  the  temiinatioa  of  the  pulse 
cycle  and  the  Ignltron  Is  ready  to  be  fired  again. 

In  all  our  work  to  date  we  have  had  to  use  IgnlLrons  which  lacked  any 
provision  for  directly  measuring  tt»e  pressure,  the  ion  density  or  the  electron 
temperature  Inside  the  tube.  The  only  quantities  which  we  can  directly 
monitor  are  tlie  voltages  which  appear  at  the  external  terminals  and  the 
curients  which  flow  In  the  cxteinol  circuits.  However,  these  quantities  are 
sufficient  to  provide  a  great  deal  of  Inslglit  Into  the  operation  of  the 
ignltron  as  a  switch. 

The  most  enlig/itenlng  uieasureroent  we  can  m^de  Is  a  photographic  record 
of  the  control  grid  voltage  vs  time.  A  typical  oscillograph  tjace  of  V 
Is  shown  in  Fig.  5-  ® 
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PULSE  DEIONIZATION  a 


•16.  4-“  PICTORIAL  PRESENTATION  OF  THE  RESPONSE 
OF  VARIOUS  TUBE  PARAMETERS 
DURING  THE  PULSE  CYCLE 


Fig*  5--'Fne  control  grid  voltage  vs  time.  (5  usec/cn,  50O  volts/cm) 

The  period  between  the  end  of  the  pulse  and  the  knee  of  the  curve  Is  referred 
to  as  the  deionization  time.  Its  true  significance  will  be  cade  clearer  later 
In  the  paper.  By  experlinent  we  find  that  the  deionization  tine;  (1)  In¬ 
creases  with  Increasing  grid  resistance,  (2)  decreases  with  Increasing  bi  .j 
voltage,  (3)  increases  wltli  increasing  pulse  repetition  fxxr^iuency,  (4)  in¬ 
creases  with  increasing  cooling  water  temperature  emd  (5)  inci-eases  with  In¬ 
creasing  pulse  current-  Plotting  the  deionization  tire  vs  these  various 
parameters  gives  useful  Information  about  the  Interiial  condition  of  the  tube. 

Tlie  deionization  time  for  the  control  grid  of  the  Z5233  Is  shown  In  Fig. 

6  plotted  against  piilce  current  through  the  tube.  For  a  given  cooling  water 
temperature  the  deionization  time  is  seen  to  Increase  with  Increasing  pulse 
current.  This  Is  a  reflection  of  the  fact  tl«t  to  carry  the  Increased  pulse 
current  the  Ion  density  must  be  greater  and  the  control  grid  requires  a 
longer  time  to  extract  this  Increased  number  of  Ions  from  the  grid  region. 

Fig.  7  presents  the  deionization  time  plotted  against  various  cooling 
water  temperatures  for  fixed  pulse  current  for  the  GL-s.223  tu;!  the  Z5233* 

When  the  cooling  water  temperature  le  raised,  the  meroury  vap  ^  pressure  In 
the  tube  rises;  in  fact.  It  about  doubles  with  each  1C  C  tempeiature  rise. 

The  increaiid  pressure  decreases  the  mean  free  path  of  the  particles  in  the 
gas  which  In  tiun  decreases  the  drift  velocity  of  the  electrons.  To  carry 
the  cane  current  requires  an  Increased  number  of  Ions  and  these  added  Ions 
cause  the  deionization  time  to  Increase. 


! 

j 
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A  Z5233  FOR  VARIOUS  PULSE  CURRENTS  AT  TWO 
COOLING  WATER  TEMPERATURES. 


FIG.  7— DEPENDENCE  ON  COOLING  WATER  TEMPERATURE 
OF  THE  DEIONIZATION  TIME  OF  THE  CONTROL 
GRID  REGION  OF  THE  GL-6228  AND  THE  25253. 


v?»<i  .iipw  ■  . . . 

a  -^'  *  ■  ...  .  '.'  .  _.-a*r!__^r_! 


It  Is  of  Interest  to  compare  the  deionization  time  vs  pulse  current  for 
two  different  ignitrona.  This  Is  done  In  Fig-  8  for  the  GL'6228  and  the 
25233*  (care  must  be  talten  to  make  the  comparison  at  the  same  grid  bias.  ) 

Ihe  deionization  time  for  the  GL-6228  is  seen  to  be  a  few  per  cent  greater  in 
general  than  that  for  the  Z5233-  This  probably  reflects  the  slightly  smaller 
tube  diameter  and  grid  hole  size  of  the  GLr6228. 

DEIONIZATION  MECHANISM 

An  Interpretation  of  the  physical  process  operating  during  tbe  deioniza¬ 
tion  period  can  be  given  wltb  the  aid  of  Fig.  9-  Iinnc-diately  foUowlng  the 
end  of  the  pulse,  time  t  ,  a  bsbye  sheath*  forms  over  the  grid  surface. 

This  sheath  forms  at  virtSally  every  plasma-surface  Interface  In  order  to 
equalize  the  electron  and  ion  current  flouing  from  the  plasma  to  the  surface. 
The  thickness  of  the  sheath  Is  a  function  of  the  ion  density  of  tbe  pilasma  in 
the  grid  region.  Because  of  the  effective  circuit  shown  schematically  In 
Fig.  9,  the  Ions  are  attracted  to  the  control  grid  while  the  elections  move 
toward  the  grounded  gradient  and  shield  grids.  At  some  later  time  t,  the 
ion  density  in  the  grid  region  has  decreased  and  the  sheath  has  expanded 
accordingly.  (Keep  In  mind  that  a  sheath  exists  around  each  grid  surface 
although  only  one  sheath  is  shown  here  to  prevent  an  overly  coc^llcated 
figure.)  When  the  sheath  reaches  half  way  across  the  Inter-grld  space,  that 
Is,  when  the  sheaths  from  adjacent  grids  meet,  the  deionization  period  ends. 
This  point  In  time  Is  marked  on  the  grid  voltage  curve  by  the  deioniza¬ 

tion  time. 


This  process  can  be  formulated  mathematically  as  follows.  The  total 
number  of  Ions  in  the  grid  region  is  given  by 

H  =  (A  d  X  +  Ajd^Xi) 

where  A  Is  the  cross  sectional  area  of  the  Ignltron  barrel,  d  Is  the 
spacing  between  the  grids,  X  Is  the  degree  of  Ionization  In  the  region  be¬ 
tween  tiie  grids,  Ai,  dj^,  and  X^  are  the  analogous  quantities  in  the  grid 
holes  and  Is  the  gas  density.  Because  the  current  is  continuous  through 

the  tube,  the  following  approximation  Is  valid:  A  X  =  A^X^.  AJ.so  for  the 
Ignltroaa  of  Interest,  d  =  dj^.  Thus 

N  =  2  A  d  n  (6) 

where  n  la  now  the  ion  density. 

Tlie  thickness  of  the  Debye  sheath  Is  given  by 


or,  solving  for  n. 


=  kT ^4nne' 


n  =»  bh"* 


s.-',  v\v'i.v.  -.W.*.'-! 


FIG.  8 — COMPARISON  OF  DEIONIZATION  TIMES 
CONTROL  GRID  REGION  OF  THE  Z523 
GL-6228  FOR  VARIOUS  PULSE  CURR 
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where 

b  =  Wg/4ne=  . 

Substituting  In  (6)  we  have 

n  =  2  A  d  b  h"^ 


The  time  rate  of  change  of  :he  number  of  Ions  Is  given  by 
dN/dt  =  2  A  d  b  (-2h"^)  dh/dt 

and  expsrlnentally  ve  find  this  i;'jKiitity  to  be  a  constant  given  by 

-a  .  V's 


where  V  Is  the  bias  voltage,  R  is  the  grid  resistance  and  e  is  the 
electronic  charge.  Equating  this  ®tQ  dN/dt  we  have 

-a  =  2  A  d  b  (-2h'^)  dh/dt  . 


Integrating  this  equation  yields 


-  \)  =  '2  Mh  id-^/k  -  h;®) 

where  the  following  initial  conditions  have  been  used;  h  =■  h  at  t  and 

h  a  d/2  at  t  .  Because  h  «  d,  h'^  »  ci”®  and  we  have  °  ^ 

'a.  o  o 


2  A  d  n 


(8) 


Where  b  la  the  Initial  Ion  density  from  Eq.  (7)- 

We  see  that  the  deionization  time  depends  on  the  volume  of  the  grid 
region,  the  lou  density  In  the  region,  and  the  value  of  the  grid  bias  and 
grid  resistor.  Comjarlson  with  exjerlmental  results  has  shown  Eq.  (8)  to  be 
qualitatively  correct  In  Its  dependence  on  these  quantities.  Baaed  on  our 
best  estlnvites  of  the  Ion  density,  us  taken  from  the  works  of  Langmuir^,, 
Killian®,  and  .Klarfeld^,  Eq.  (8)  Is  also  quaatl  La  Lively  correct. 


We  have  another  experimental  observation  with  which  we  can  compare  Eq. 
(8).  As  shown  In  Fig.  10,  the  deionization  time  decreases  with  Increasing 
grid  bias.  However,  It  decreases  In  such  a  way  that  the  area  under  the  curve 
Is  constant.  Now  the  area  under  the  cun/e,  divided  by  eR  ,  Is  nothl.ng  more 
than  the  time  Integral  of  the  grid  current.  Rewriting  Eq.®(8)  we  have 

2Adn  =  N=»l(t.  -  t  )/s  =  constant 

g'  dp''  • 
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FIG.  I0-- PICTORIAL  REPRESENTATION  OF  THE 
EXPERIMENTAL  OBSERVATION  THAT  THE 
AREA  UNDER  THE  DEIONIZATION  PORTION 
OF  THE  CONTROL  GRID  VOLTAGE  TRACE 
REMAINS  CONSTANT  INDEPENDENT  OF 
BIAS  VOLTAGE. 
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“nius  ICq.  (0)  i>ajis  that  the  total  iiuniber  or  ioai;  la  the  ^riJ  region  Is  constant 
for  a  given  poise  current  and  this  In  exact. Ij/  wliut  Is  shown  by  Fig.  10. 

Following  tlie  ilelontz-ition  jv.’ricd,  tlie  slijpc  of  the  grid  voltage  trace 
changes  abruptly  Indicating  a  mark-d  etiange  in  tlie  recovery  process.  In  an 
effort  to  gain  Inslglit  Into  t.iiis  period  we  plotted  the  logai'lthni  Of  the  grid 
current  vs  time  nnd  obtained,  f<>r  example,  the  graph  In  Fig.  11.  Ihere  are 
two  distinct  slopes  Indicating  two  'ii-ca.y  jonst.ants,  one  Of  1^.7 
other  of  3;j.6  Tne  appjsr-eice  of  nr.  expujentlal  decay  of  curjent  strong¬ 

ly  cugge.ats  on  onihlpolar  il  1  ffus lo:i  process,  or  e  -alffuslon  process  of  Boee 
kind.  Considering  the  magnitude  of  the  electric  fields  involved,  one  woo.  Id 
expect  to  Include  a  term  In  the  diffusion  euuat.ic^  to  accov^nt  for  the  field, 
Tticre  is  a  strong  temptation  to  .as.sociate  the  two  decay  tloes  with  the  decay 
of  electrons  of  two  diffeiont  terr.^-Taturer;,  but  we  have  no  direct  exp;rl*entai 
data  to  .sobstaritlale  such  nn  as.soclatlon,  Moreover,  In  the  solution  of  the 
diffusion  equation,  there  are  a  scries  of  e  igenvaluer ,  each  representing  a 
dlffoiord.  <iocay  constant,  ‘.•.'iiat  we  see  In  Fig.  11  may  be  tin;  fl.'Tt  two  such 
e igen values . 

COMCIDlilONS 

Based  on  an  extensive  series  of  tests,  and  accunuluted  pr.cLlcal  experi¬ 
ence  at  'Jiir.forJ  University,  wo  believe  liiv  L  the  following  O  iitl-grld  Ignl- 
trons  can  be  used  successfully  as  hlgh-pov/er  switch  tubes  l,a  modulators: 
CL-6.?28,  Zyf'lv  and  'ilie  type  b'-jU  Ignitron  should  be  added  to  the  list 

as  a  resul  t  of  its  success ful  pej  form  usee  at  another  Installation.  An  average 
T  ver  of  I'jO  Kw  and  a  peak  jx^wer  of  26L)  mw  rc-ijresent  the  hlgh.^st  jv;- rf onaance 

res  we  have  attained  to  date,  bet  t'lcse  were  linlt/ed  by  the  power  capa¬ 
bility  of  our  equlprar.nt,  not  the  Ign i trons, .  Tlie  tube  iifetlrae  of  an  Ignitron 
promlsefi  to  be  extremely  long  if  p-req-erly  treated. 

Tf  It  were  desirable  to  increase  the  maxlmun  rep  rate  at  which  an  Ignl- 
truri  can  ixirt'orn,,  Kq.  (0)  makes  explJelt  tlie  controlling  variables.  Given  a 
specific  Ignitron,  the  grid  bias  slioulJ  he  made  as  large  as  possible,  the  grid 
resistor  should  be  as  .small  as  po.sslhle,  and  the  cooling  water  temperature 
(hence  the  ion  density)  .sh.ould  be  kept  ns  low  as  possible;  all  these  adjust- 
ir.ents  belcig  corislstcnt  with  stable  orvratlon  of  the  t.abe.  If  one  were  given 
the  prebjem  cf  dcr.lg.slng  on  ignitron  for  higher  rep  rates,  Uq.  (8)  tells  one 
that  the  spacirq;  between  vhe  .j'  j.'l7  should  be  os  small  as  possible,  the 
tiiicK/iCss  of  the  grl  Is  as  .sir.all  as  pvssible,  and  tl«  dJamotor  of  the  grid 
ii.-lne  ai.d  0''f?)  sll  tube  d i.-nt  tc i  sheuiu  be  as  '.maJj  as  iTOSsible  consistent 
wltn  ir."  In  ..'ll -jlrg  c,  ,ii,r  ;t  and  i...iiiiiiln,’  the  ae.ilr.;d  power.  i;>:slgni:ig  the  optl- 
ri'im  tu.  for  o  g'''eti  -lass  of  ..ei  vire  would  be  a  .iophlstl cate.i  pioblo.ro  and 
must  aw.T  ,  r  more  del  ,'led  k.nf  /’edge  of  ti..  r  'nr;c  r  In  wiiJcii  all  the  tube 
IX)  I'.unutei  s  i.e-oct.  Coe  up,  ach  wo.il''  bv  tu  u>;e  tl*c  wo/k  of  'lonks  e  nd 
laag.-n.ilr'  t  if.  tc  .e  th-;  dei/.-ndcii t.  vn-iuSh'  3  Iti  the  p’nsjiv'i  disc'iS-.-go  (degree  of 
Ion  i  7  itiori ,  exlal  electric  i  leb;  cl  I  ui  dei.slt.y,  eifctri.r.  toopTciuiT;, 

p.'.sJt’vc  )f,n  current  dcpslty  ;  .id  ion  qiiiei  i  .vu  r-atc)  to  the  liid-.'petidcr  t 
VQt  lobles  of  tlic  tL  K  (i  111"  r  rilus,  gas  pioss.iio,  i  Ise  ci  rreit  a'Ki  we.il 
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RESEARCH  STUDY  OF  K/iRD  TUBE  MODULATOR  LIMITATIONS 

by 

C.  V,  V’edan 

Th&  Machlett  Laboratorlca,  Inc. 


Tntrodnctlon 

Tho  increasing  uso  of  vacuum  tubes  as  switches  of  high 
pulse  power  led  to  a  program,  Initiated  in  June  1959 i  to  in¬ 
vestigate  the  basic  limiting  factors  in  the  design  of  tubes  for 
these  "hard  tube"  pulse  generators.  The  scope  of  the  study  was 
restricted  somewhat  by  the  following  major  objectives:  (aj  high 
voltage  hold-off  in  the  region  of  200  kVj  (b)  high  current  den¬ 
sity.  10  amp/emS  or  greater;  (c)  long  pulse  duration,  200  ys  or 
greater:  and  (d)  pulse  switching  power  of  at  least  35  megawatts. 
The  goal  of  operation  at  a  current  density  of  10  amp/cm^,  for 
example,  dictated  tho  uso  of  an  oxide  type  cathode.  This  type 
of  emitter,  in  turn,  Influenced  the  choice  of  electrode  geometry 
to  be  used  In  the  model  tubes  built.  The  shlelded-grld  trloda 
geometry,  distinguished  by  a  ground-poentlal  "shield"  between 
the  control  grid  and  the  anode,  has  been  shown  to  bo  highly  de¬ 
sirable,  and  perhaps  even  necessary,  for  high-voltage  pulse 
tubes  using  oxide  coated  cathodes. 

First  Year 

The  first  year  of  the  program  vras  spent  largely  in  Improv¬ 
ing  processing  techniques  to  reduce  the  residual  gas  pressure, 
and  in  Improving  stability  by  reducing  cathode  evaporation  and 
Interface  resistance. 

The  first  layout  of  an  experimental  structure  to  hold-cff 
200  kV  was  made  using  an  active  rhleld-grld  to  anode  spacing 
of  6  cm.  The  state  of  the  art  on  voltage  breakdown  vs.  spacing 
between  plane  parallel  electrodes  was  tho  relation¬ 

ship  due  to  Kllpatrickl^',  This  relationship  is  plotted  as 
Curve  A  In  Fig,  1,  which  also  Includes  the  trend  of  observed 
data  from  several  tubes  of  each  cathode  typo  up  to  about  100  kV . 
Tho  bread t'n  of  curves  B  and  C  Is  a  consequence  of  tho  field 
gradlonts  on  individual  grid  wires:  tubes  with  higher  ampli¬ 
fication  factor,  and  therefore  higher  screening  fraction,  have 


VJ.  D.  Kilpatrick,  "Critorion  for  Vacuum  Spnrlclng  Designed 
to  Include  both  r-f  and  d-c,"  Rev,  Scl,  Instr,,  23,  824- 
826  (1957). 
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lower  field  -rndlcnts  on  the  fjrld,  nri''!  ,  f.^-r  tubos  v;ith  melalllc 
cathode,  approach  curve  A.  Oiie  oV>jecL  -..a.-i  r.o  lt,st  the  validity 
of  extrapolating  curve  C  to  kV.  anot.t'er  oh  vent  v/as  to  see 

if  better  processing  of  t'.io  oxide  cae!;ode,  or  sone  variation 
thereof,  would  shift  curve  H  Lo  Ih.o  ranpe  of  cm.vo  C.  Accord¬ 
ing  to  curve  C,  this  layout  could  be  orpectod  lo  operate  at 
about  150 

The  envelope  design  vas  aided  by  field  id.otLing  on  resist¬ 
ive  paper,  although  a  corriaroruioo  had  to  be  r:ada  with  a  ceramic 
cylinder  which  could  be  rrocureci  in  a  reasonable  time.  Fig,  2 
is  a  photograph  of  the  resulting  r.  true  lure.  F'g.  3  is  ?-  line 
drav/lng  shewing  details  of  the  envelope;  the  roiatric  is  10"  O.D. 
X  5"  long  X  1/4"  wall.  Thin  "Design  T"  was  "hi;;h-poi:"  tested 
to  160  kV  and  operaticnal  tested  into  a  rnaisilve  lead  to  100 
kV  (equipment  licltation) .  .Sobsoeuenr  1  sh-cotMng  resulted  In 
failure  at  l60-l65  kV  due  to  puncture  of  t!.o  ceramic  about  an 
inch  from  the  anode  seal  .  Later  internal  oxer- i  nation  ccnflrmed 
that  the  limitation  v/as  the  envelope  in;.ulator  and  not  the  activ« 
region  of  the  tube. 

Tho  shlelded-grld  Lrioda,  v/i  th  a  ground  notontial  shield 
adjacent  to  the  anode,  effectively  Drotects  the  cathode  and 
control  grid  from  damage  by  tran>i<:>ni,  arcs.  A",  the  beginning 
of  this  program,  the  beariiirg  structures  of  this  type  geometry  In^ 
use  were  suitable  for  cathode  current  densities  no  to  3-5  amp/cm^ 
Beyond  this  loading  the  plate  to  grid  cuiror't  division  deterio¬ 
rated  rapidly.  Concomitant  to  acliievir.g  10  amp/ct.'i2,  therefore, 
was  an  implied  rb.lcct1.ve  oc  develop  un  electrode  geometry  to 
utilise  this  high  currcr;t  dei’sity.  Gra.lu;;!  1  improvements  result¬ 
ed  in  a  structure  which  fulfills  tills  roquiremont.  A  sample  tube 
of  30-cra2  cathode  area  made  v/i  th  this  electrode  gooinotry  v;as  foui 
to  be  capable  of  a  pulse  cath.odo  curror.t  of  3^^  amperes.  The 
plate/grid  current  ratio  vi  th  euual  i;ri<i  and  nl.ato  voltages  (abov 
3250  volts)  is  neariv  30/l •  It  i.s  significant  that  a  current 
density  of  10  amn/cra^  has  been  achievid  at  this  high  a  plate  to 
grid  current  division  v/it'nout  the  use  of  a  magnetic  field. 

Tho  situation  may  be  recapitulated  hr  7'efurring  to  Fig.  4, 
Curves  A  ware  taken  from  the  ML-6'i'i4,  a  one-iiiagav/ait  pulse  tube 
which  has  been  in  o.^odunMcn  for  five  nr  s'-x  ye.‘rs.  Curves  B 
represent  an  attemnt  to  attain  a  eathodo  curront  density  of 
10  anp/cn-.  This  goal  w.ig  accompl  i.ehi.’d .giid  current  Inter- 
ceotlon  was  unaccep !.abj e ,  as  Indicaeod  by  the  (i'vorg'ence  of  the 
cathode  and  plate  current  curves.  T’ho  end  result  is  the  de¬ 
sirable  characteristics  sfji.wn  in  lUj'ves  C.  A  sc;  oi.iatic  profile 
of  a  single  beam  unit  Ib/r  cadi  case  is  j;  ivo:'!  i’  tiie  acooripanying 
sketches.  In  each  dcsifu  tlio  cnittei-  is  a  concave  .strio,  and  th' 
cathodc-rotontial  siiiold  Is  the  olectrr.r'e  batv/ocn  control  grid 
and  anode. 


PULSE  CURRENT  DENSITY- omp /cm 


Fig.  4.  Current  density  vs.  positive  grid  drive  voltage  for 
three  electrode  geometries.  Sketches  show  cross- 
SGctlon  of  single  been  unit  where  concave  strip  is 
emitter  and  cathode-potential  shield  Is  electrode 
adjacent  to  anode. 
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Long  pulse  duration  testa  shoved  that  with  proper  aging,  a 
cathode  currant  of  4-5  amp/cm^  can  be  dravn  for  200-ralcrosecond 
pulses  with  negligible  droop.  In  the  range  of  200-300  psec, 
observed  droop  la  in  the  order  of  2-3J?.  "Proper  aging"  consists 
of  relatively  long  operation  at  high  current  density  on  short 
pulses. 

An  Important  part  of  the  study  was  the  use  of  an  r-f  mass 
spectrometer  to  make  qualitative  and  quantitative  analyses  of 
the  gases  in  typical  tube  structures.  The  device,  as  used  in 
this  experimental  arrangement,  is  known  as  a  total  and  partial 
pressure  (TPP)  gage. (2)  The  results  of  these  experiments,  In 
general,  have  since  been  corroborated  by  other  researchers.  In 
brief,  it  was  observed  that  thennjor  gas  ccnatltuent  in  this  type 
of  tube  Is  hydrogen,  which  accounts  for  more  than  90  percent  of 
the  total  pressure.  The  balance  is  made  up  of  water  vapor,  car¬ 
bon  monoxide,  and  methane,  with  traces  of  other  gases.  Hydrogen 
and  carbon  monoxide  are  found  to  have  strong  temperature  de¬ 
pendence,  and  methane  shows  a  significant  increase  v;lth  the  ap¬ 
plication  of  high  voltage.  Certain  gases  are  detected  under  soma 
operating  conditions  and  not  under  others.  The  total  pressure, 
furthermore,  may  remain  almost  constant  as  the  operating  condi¬ 
tions  are  changed,  while  pronounced  and  comnensatlng  changes 
take  place  In  the  constituent  gases.  Hydrogen  in  a  largo  amount 
appears  to  have  no  detrimental  effect  on  the  cathode,  however, 
this  gas  does  impair  high  voltage  stability. 

Second  Year 

During  the  second  year  the  initial  work  was  carried  to 
further  refinement  along  with  an  investigation  of  a  number  of 
ancillary  aspects  of  modulator  tube  design,  such  as  anode  heat 
transfer,  effect  of  rms  current  density,  peak  charging  current 
capability,  x-radlatlon,  and  several  other  items.  A  discussion 
of  those  phases  of  the  study  is  beyond  the  scope  of  this  paper. 

In  addition,  the  overall  objective  was  approached  (1)  by 
improved  processing  through  the  pumping  of  tubes  in  an  external 
vacuum  environment,  and  (2)  by  re-design  of  the  envelope  in¬ 
sulator  and  shielding. 

A  double  vacuum  pump  station  was  built  to  pump  tubes  in  a 
rough-vacu\in  environment  in  order  to  inhibit  the  diffusion  of 
hydrogen  and  possibly  other  gases  Into  the  tube  during  the  ex¬ 
haust  process.  A  vacuum  of  20  microns  was  maintained  in  the 


72)  P.  F.  Varadl,  H.  Langer,  M.  Jialtzman,  "Gas  Composition 
During  Pumping  and  in  Pealed-Off  Pov/er  Tubes".  A.P.T.M. 
Special  Tech.  Pub.  V.o,  300,  pn.  193-203  (1961). 


bell  surrotLndJ.ng  the  tube,  with  the  hlj:h-vac;uun  system  capable 
of  pumping  dovn  to  5  x  10~°  mm  Hg.  Interim  evaluation  did  not 
produce  any  startling  results,  however  vacuum-environmont  proces¬ 
sing  is  considered  a  step  in  the  right  direction  and  worthy  of 
further  effort. 

Prototype  tube  Design  TI  was  again  a  compromise.  Although 
the  ceramic  cylinder  was  1  inch  longer,  it  was  no  larger  In  dia¬ 
meter,  and  did  not  offer  much  hope  for  improvement.  The  field 
on  the  end  of  the  anode  was  reduced  slightly  by  removing  the 
shield.  This  model  was  tested  to  200  hV  for  a  short  Lime,  where¬ 
upon  cermlc  punctura  occurred  substantially  as  Jn  Design  I.  In 
testing  both  of  these  models,  sparking  over  the  ceramic  was  ob¬ 
served  prior  to  puncture,  and  the  ceramic  showed  surface  cracks 
clcse  to  the  negative  seal,  suggesting  that  more  effective 
shielding  of  this  region  was  necessary, 

V.'ltb  Design  III  the  receipt  of  larger  insulator  and  anode 
material  permitted  a  more  thorough  redesign.  Field  gradients 
across  the  ceramic  v/ere  reduced  by  using  a  cylinder  12"  O.D, 

X  8"  long  X  3/^"  wall,  and  the  shield-grid  to  anode  spacing  was 
Increased  from  6  era  to  7.3  cm.  The  ceramic  was  also  moved  to-  j 
wards  the  negative  terminal,  to  achieve  better  shielding  of  thl? 
seal. 

From  the  tests  on  Design  II  and  the  improvements  incorporated 
in  Design  III,  it  was  considered  feasible  to  switch  pov/er  in  ex¬ 
cess  of  35  megawatts  at  a  d-c  plate  voltage  at  least  up  to  2CX)  kV, 
using  an  oxide  cstbode  v/ith  a  3^  cni^  emitting  area.  This  represent; 
a  cathode  current  density  of  nearly  8  ainp/cw^.  By  making  a 
straightforward  increase  in  cathode  length  (and  area)  of  20-^0 
percent,  the  design  would  be  capable  of  switching  Mw, 

] 

Twoards  the  latter  part  of  this  phase  the  basic  limitation 
to  high-voltage  operation  gradually  became  apparent:  bombard¬ 
ment  of  the  envelope  insulator  by  field-emitted  electrons^,  pro¬ 
bably  from  passive  elements  such  as  electroile  supports  and  sliields. 

Third  Year 

The  third  year  permitted  time  for  evaluatlcn  of  prutotypo 
tube  Design  JTI,  and  for  a  redesign  of  the  structure  based  on 
these  findings,  striving  principally  to  reduce  the  field  gradient 
on  apparent  sources  of  field  emisslcn.  oecondly,  an  investigation 
was  begun  on  techniques  to  reduce  the  insulator  resistivity  in 
order  to  leak  off  wall  charges  which  tend  to  accumulate.  Addi¬ 
tional  areas  of  study  In  this  phase  of  the  project  are  (1)  to 
develop  an  active  getter  of  hydrogen,  and  (2)  to  Investigate 
internal  flash  arc  phenomena  and  methods  of  protecting  the  switch 
tube  and  its  load.  Further  discussion  is  limited  to  testing  and 
redesign  of  the  high-voltage  structures. 
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Design  III  vas  high-pct  tested  successfully  to  ?5Q  kV,  and 
then  operational  tested  to  l80  kV,  again  lltrlted  by  the  test 
equipment.  Moderate  instability  was  observed  as  the  voltage  was 
raised  from  100-  to  l80  kV,  however,  the  leakage  current  was  low 
(less  than  1  raA  at  175  kV),  and  gas  pressure  and  x-radlatlon  ap¬ 
peared  to  be  satisfactory. 


In  Design  IV  a  lO^-long  ceramic  permitted  the  anode  cylinder 
to  be  extended,  providing  more  complete  shielding  of  the  in¬ 
sulator  from  the  active  region  of  the  tube.  It  further  permitted 
the  cathode  shield  to  be  located  further  away  from  the  anode,  re¬ 
ducing  the  field  gradient  on  this  shield  by  nearly  a  factor  of  two. 

Figure  5  shows  section  drawings  of  all  four  designs.  In 

percent  of  the  field  was  concentrated  over  a  length 
of  2.4  Inches  (6.0  cm),  and  the  gradient  at  165  kV  where  puncture 
occurred  Is  68  kV/lnch  (27  kV/cm),  In  Design  II,  80  percent  of 
the  field  covers  3*3  Inches  (8.4  cm),  and  the  gradient  at  the 
maximum  voltage  attained  (200  kV)  is  60  kV/Inch  (24  kV/cm).  In 
Design  III  the  overall  field  gradient  ever  the  ceramic  was  re¬ 
duced  to  about  40  kV/lnch  (16  kV/cm)  at  200  kV.  It  will  be 
appreciated  from  Inspection  of  the  drawing  that  Design  IV  further 

gradient  over  the  ceramic  and  on  the  negative  (cathode) 

Figure  6  is  a  photograph  of  the  200-kV,  40-kilovatt-averape 
modulator  test  facility  which  Machlett  Laboratories  designed  and 
built  within  the  past  year.  This  test  set  has  been  used  for 
testing  Deslgn^III,  and  will  be  used  for  Design  IV,  Fig,  ^  is 
a  photograph  of  Design  rV,  which  wa  expect  tc  fulfill  all  of  the 
Initial  objectives  of  the  contract. 

While  some  additional  refinement  of  this  design  is  in  order 
frequency  of  klck-outs,  it  is  significant  that 
200  kV  hold-off  voltage  has  been  attained  in  a  tube  with  an 
oxide  cathode, 
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Section  drawings  of  all  four  designs  of  high-voltage 
prototype  tube  showing  space-charga-free  plot  of 
equlcotantia3.  lines  on  Deslsn  I  and  Deslen  III. 
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1.  SUMMARY 

With  the  advent  of  the  modulatin^-ancxJe  pulscr  It  has  become  possible  to 
drive  high  voltage,  high  power  klystrons  operating  at  long  pulse  widths  and  low 
pulse  repetition  frequencies  In  a  raUier  straight  foi-ward  manner.  However,  the 
application  of  this  same  technlqvic  to  high  [jower  klystrons  operating  at  najTOW 
pulse  widths  and  high  pulse  repetition  frequencies  dictates  the  necessity  for  Im¬ 
provements  aad  advances  In  the  state  of  the  art  for  mod-anode  pulscrs.  For  ex- 
anip.c,  transmitters  operating  thus,  which  demand  average  jx^wer  levels  In  the 
iiiuili-klluwalt  legion  require  that  Uic  amount  of  power  wasted  during  the  pulso 
rfsc  and  fall  time  be  minimized  In  the  interest  of  economy  and  consistent  with 
good  design  practice.  In  addition,  the  operation  at  high  PRF's  and  narrow  pulse 
v/ldths  Imposes  additional  reqi:iron;cnts  for  protection  of  jjulsor  coirqionenta  from 
arcing  wllliln  the  tube.  Finally,  the  design  philosophy  for  the  iwleer  for  Iho 
TRADKX  L-n.'ind  Transiniltor  ulili/.ob  a  new  type  of  Beam  Switch  Tihibu  developed 
especially  for  TPADEX,  as  well  as  a  unique  mechanical  configuration  and  pack- 
‘*biog.  Blo<jk  dlagr.amp,  schcnuitles,  jihofographs  and  theory  of  operation  aro 
presented  to  Illustrate  Uds  p.u  tionlar  .application  of  the  modulatlng-ar.ode  pulser. 
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2.  INTRODUCTION 

McKiulating-aiioiIc  jiulsi-rs  or  floating  clcoU  ionisers  for  ino'lulating  the  control 
element  of  high  power  klystrons  arc  n('t  new  to  the  art.  Literature  shows  that 
this  tyjje  puLser  has  been  used  with  a  good  deal  of  ;;ucce.'.s  especially  with  pulse 
rise  and  fall  times  measurcil  iti  llie  order  of  10  to  50  niicroseeond.s  and  with  RF 
power  output  levels  less  than  100  1<\V  average.  Extemling  Uic  operating  range  of 
this  type  of  a  pulser  in  both  power  level  and  improved  ]>ulse  eharacTcrisLics  has 
posed  some  Interesting  and  chrdleni^Ing  problems.  Tlicse  Include  tlic  development 
of  a  new  beam  switch  tul)e  t>i>c  L-3-108  by  lattoii  Industries^,  the  alt;unment  of 
rise  and  fall  times  in  the  ortler  of  5  to  10  microseconds  (10  to  90%)  and  a  means 
of  accommodating  tlic  necessity  for  permitting  a  klystron  to  arc  especially  during 
a  seasoning  process.  Conitiincd  with  these  features  ks  the  development  of  a  unique 
packaging  configuration  for  tlic  pulser  and  die  Idyslroa  load  whicli  it  drives.  A 
review  of  the  nioflulating-anodo  jiulser  followed  by  a  discus.sloii  of  these  new 
features  Is  presented  in  this  report. 

3.  MOniirATlNG-ANODK  PL!  f.8KR  BLOCK  DLAGRAM  AND 'l  l  1  DOR Y 

A  simplified  block  diagr.im  of  a  ratlier  conventional  ino'.l-anodc  pulser  is 
given  in  Figure  1,  Basically  it  consists  of  an  "CN"’  BST  whicli  lias  the  dual  func¬ 
tion  during  tlie  shirt  of  the  pul.se  of  charging  the  stray  capacity  Cyj  of  the  mod- 
anode  of  the  klystron  via  charge  loop  "A"  and  also  of  discharging  Cgg*  Tlie  "OFF” 
BST  discluirgcs  the  stray  capacity  C^j  via  loop  "B"  and  it  ul.so  charges  Cq‘>  at  the 
end  of  the  pulse.  The  be.ain  power  sujiply  is  represented  by  EgQ  and  the  bias  for 
the  klystron  is  Receiving  "Antennas"  "Ji”  and  "C"  winch  supply  a  5  MC  sig¬ 

nal  for  generating  tlic  mod-anode  wave.shapc  are  coujilcd  to  a  transmitter  auleiina 
"A".  A  jiulse  of  5  MC  UF  equal  to  the  video  pulse  width  desired  on  the  mod-anode 
of  the  klystron  Is  delivered  to  Antcma  "A".  It  is  coupled  to  the  liigli  voltage 
isolated  antennas  "U"  .md  "C".  In  the  "ON"  ehanncl,  Uils  HF  .signal  Is  rectified 
and  rectified  pulse  ''ollage  is  .applied  to  the  .aiod-anode  eletnent  of  tiie  "ON"  liST. 

As  soon  as  the  stray  capacity  of  this  BST  tie-gins  to  charge  the  ItST  will  deliver  a 
charging  current  up  to  20  ainpeac.s  via  loop  "A"  to  the  stray  capacity  and  it  will 
also  discharge  s  dlls  load  stray  cajiaoity  Cg  is  cliargf  d  to  .a  full  beam 

voltage  tlie  lube  .and  voltage  drop  aero.ss  Dol’,  "/V"  grtiuualiy  decreases  also.  This 
tube  drop  eventually  becomes  so  low  as  to  equal  (he  mod-anode  drive  voltage  on 
BST  "A",  at  which  lime-  tlie  impedance  of  the  rtictifier  elrcuil  nivl  the  laad'.ig  ef¬ 
fect  of  the  tnod-anode  of  IfS;'  ”A”  reduce  the  charging  current  thriiugh  loop"A"to  a 
.;mall  v.alco  sufficient  to  nv.ilntain  a  inod-anodc  beam  Intcrcejjtlon  of  0,  1%  to  1.0%. 
Simultaneously  while  tiic  "ON"  BST  is  being  turned  on,  the  n-ctificil  puhse  voltage 
dcvclojicd  in  the  "OFF"  circuit  Is  [Kisued  tlu  uugii  a  pha.se  Invo  tor  and  is  used  to 
tum  off  Die  "Or  F"  BS  i  foi  Uic  dm  alion  of  the  pul.se  v.  idili.  At  (he  end  of  ;hc  pules, 
till:  pulHCfl  5  MC  •-ijpi.'il  is  l.irned  off.  The  "OIT-"  BBT  i.s  turned  on  and  begins  to 
disi;baig;e  the  .stray  ea)),icily  of  the  M-  A  of  tlu;  klystion  and  pukscr  conijxinents  and 
also  cliarge  C^q.  llic  waveforms  for  tliks  type  of  ..peratlnn  are  given  in  Figure  2 
'I'yiilca!  (operating  eoialilion.s  and  :•  p'''.otogi-.(j)h  of  ti  e  ?, -.3108  B.SF  ;ire  shown  InFlg- 
ure  3.  Ch;iract'ji'lntic  curve/;  and  the  ouliinc  di-.iwing  for  the  1,-3 10.3  BSTarc  given 
in  Flgu/'U  4. 


FIGURE  1  -  SIMPLIFIED  BLOCK  DIAGRAM  OF  MODULATING  ANODE  PULSER  -  SK-41662-3-CP 


The  1.-3408  Switch  Tube  hi  intended  (or  use  in  high- 
voltage.  high-switch  me.  floating  deck  modulator 
applications.  Features  andude  unusually  high  hold- 
off  voltage;  low  volU^  drop  at  the  operating  current 
high  plate  dissipatioa  capability;  pentode  like  con¬ 
stant  current  clwaetefsstics;  arvd  rugged  metal- 
ceramic  constructioa. 

Additional  features'  A  cathode  configuration  per¬ 
mitting  high  peak  cunent  density  with  relatively 
conservative  cathode  loading;  a  high  mu  contrr^ 
element,  which  is  virtually  non  intercepting  to  the 
electron  beam;  a  cathode  configuration  shielded 
from  the  high  voltage  cf  the  collector;  and  ease  of 
extension  to  high  hoMoff  voltage  or  switching  cur¬ 
rent  or  both. 


TYPICAL  OPERATWG  CONDITIONS 

CoUrctor  Voltage  (hoidefll  . 150  Kv 

Collector  Current . 20  Amps 

Colleclor  Dissipation .  10  KW 

Pulse  Length 

L  -  1  Aaw .  lOm.vec 

L  -  20  Am^  to,,  sec 

Duty  Cycle 

It  -  1  fmr .  O.l 

•t  -  20  Ampi  .  0  006 

Mod.  Anode  Vottage  al 

C  -  1  A«<>(ma*  >  .  2.5  Av 

It  -  20  l^epsfmax.)  .  10  Kv 

Mod.  Anode  Current  (leae.)* . 100  mA 

Mod.  Anode  PervcarKeCapprox'mate)  at 

I.  -  20  Arape  . 20  x  10-* 

Mod.  Anode  Bias  (maxj . 1000  v 

Capacity  (Mod.  Arrode  laak  electrodes)  SSwd 

H  eater  Voltaga .  1 2  v 

Healer  Current . .  6  t  5  Amps 

»  At  Ic  “  20  Irapa  and  KT 
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MAXIMUM  RATINGS 

Ccl'eclor  Voltage  (hold  oil)  200  Kv 

Collector  Current  .  30Ampi 

Collector  Dissipahoo  .  12  KW 

MECHANICAL  DESCRIPTION  (approx) 

Length  . 20  inchei 

Diameter,  including  magnets  .  8  inches 

Weigh!,  including  rnagnels  45  pounds 


FIGURE  3  -  L-3408  BEAM  SWITCH  TUBE  A.\'D  TYPICAL  OPER.\TlN’&  CONDITIONS 
REPRODUCED  COURTESY  OF'  LITTON  INDUSTRIES, 

ELECTfEON  TUBE  DIVISION,  SA.N  CARLOS,  CAUF. 
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FIGURE  4  "  1^3408  BEAM  SWITCH  TUBE  OUTUNE 

DRAWING  AND  CHARACTERISTIC  CURVES 
REPRODUCED  COURTESY  OF  UTTON  INDUSTRIES 
ELECTRON  TUBE  DIVISION.  SAN  CARLOS,  CAUF. 
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4.  PULSETR  XVmT  FERDBACK  CIRCUIT 

One  of  the  ways  cf  decreasing  the  fall  time  of  the  voltage  pulse  applied  to 
the  mod-anode  of  the  klystron  is  to  use  feedbaek.  A  pulse  transformer  placed  la 
the  eathode  of  the  ”OFP*  BST  with  a  step  up  ratio  N  of  about  5:1  can  be  used  to 
drive  the  mod-anode  of  the  "OfF"  IJST.  A  circuit  using  this  scheme  Is  given  la 
Figure  5.  Figure  6  Is  an  oscilloscope  photograph  of  a  typical  mod-anode  wave¬ 
form  using  feedback  to  reduce  the  fall  lime.  Here  the  10  to  90%  fall  time  Is  5 
microseconds  at  rOO  KF  mod-anode  swing  on  a  stray  capacity  of  about  500  nxicro- 
ndcrofarads.  For  purp<jscs  of  comparison  a  typical  fall  time  value  without  feed¬ 
back  would  be  50  to  75  microseconds. 

Anotlier  circuit  modification  can  be  made  to  avoid  undcsired  effects  of  arc¬ 
ing  between  tlio  aneJe  and  mod-anode  of  th.e  klystron.  One  commonly  used  method 
is  to  insert  a  high  value  resistor  in  serie;.  with  the  mod-anode  of  the  klystron  an 
illustrated  in  Figure  7.  Wlien  tlic  mod-nnede  arcs  in  this  circuit,  the  mod-anode 
is  biased  back  by  (lie  current  and  the  tube  is  cut  off.  This  circuit  works  well 
where  slow  rise  and  fall  limes,  and  where  dissipation  in  this  biasing  resistor  caa 
be  tolerated.  Where  hist  rise  and  fall  tiines  arc  a  necessity,  one  may  use  a  much 
smaller  resistor;  or  wliat  is  better  is  to  use  a  clamping  circuit.  This  clamping 
circuit  functions  to  clamp  the  mod-anode  of  tlie  "OFF"  BST  back  to  its  cathode. 
The  clamping  circuit  is  driven  by  tlic  pulse  trairsformer  feedback  circuit  men¬ 
tioned  earlier.  It  employs  7CG5/KU-72  hydiogen  thyratren  as  the  clamper  tube. 

A  typical  circuit  using  a  clamper  tube  is  given  In  Figure  8.  Sufficient  resistance* 
R2,  Ifi  inserted  in  series  with  die  a. .ode  of  the  7GR5/KU-72  to  limit  tlie  current  la 
the  thyratron  to  a  safe  value  whet>  it  goes  into  constant  conduclion.  If  desired, 
the  thyratron  can  be  left  in  a  continuous  conduction  state  for  a  short  time  after 
which  a  high  voltage  relay  la  used  to  open  the  anode  circuit,  and  thus  deionize 
the  thyratron.  Waveforms  showing  the  tail  of  the  pulse  with  and  without  the 
clamper  tube  firing  are  shown  in  Figure  9. 

5.  rOWER  DISSIPATION  IN’  BST  COLLECTOR 


Ls; 
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The  dissipation  In  (he  collector  of  the  "ON"  BST  may  be  determined  a  num¬ 
ber  of  ways.  The.se  include  graphical  analysis,  calorimetric  measurement  of  the 
heat  loss  in  die  DST  collector  coolant  lines,  and  a  c '  islderation  of  the  stored 
energy  In  Lhe  mod-anode  pulser  stray  capacity.  The  charging  of  this  mod-anode 
stray  c.apacity  by  means  of  a  BST  is  a  circuit  problem  In  rcHlstanco  charging. 
Therefore,  the  equations  relating  to  this  apiillcatlon  will  be  developed  first  and 
tiien  the  various  mctliods  w  ill  be  discussed.  The  simplified  circuit  for  resistance 
charging  is  given  In  Figure  10. 


sV  1 

5  **  4 

•- 1 

Z  I 


367 


369 


CiiOl  S/N'  21  m:AM  VOl/l'AOl-  APl’llOX.  lOOIsV 
AMP  SENS  20  V/CM  SS  =  U)  hi  SEC/CM 
UEF:  LOG  #3  -  PAGE  41  -  SK-418G2-i-CP 


FIGURE  ^  -  "OFF"  BST  CIRCUiT  EMPLOYING  A  CLAMPER 


FIGURE  9  -  T-iTICAL  KLYSTRON  MOD-ANODE  VOLTAGE  WAVEFORM  ILLUSTRATING 
EFFECT  OF  CLAMPING  CIRCUIT  ON  TAIL  OF  PULSE  -  SK-42762-2-CP 
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Tlie  functions  7  and  1/  ij  are  plotted  in  Figure  IL  It  Is  tn  be  noted  that  whea  ' 
c  c 

T/RC  equals  1,  then  P  is  approxlnnato’y  2.2  W  .  Conversely^  la  order  to 

ji  "  e 

minimize  BST  collector  dissipatioa  thes 


should  be  at  least 

(24)  7  4  . 

and  preferably 

(25)  »  1 

Rewriting  (9)  and  assuming  a  minimum  value  for  a  of  4  one  obtains 

(?6)  H  r 

For  fh:ed  values  of  T  and  C  equation  (26),  among  other  confllderatlons  serves  to 
specify  Uie  miolmum  size  of  the  BST. 

Now  to  compute  BST  collector  dissipation  and  assuming  ncgllblble  beam  Inter¬ 
ception  by  the  klystron 

(27)  =  1/2CE^(PRF),  RC«T 

Typical  parameters  are 

C  —  500  |ip  f 

E  =  120  kv 

PRF  =  2000  PPS 


BST  Collector  K  3000  O 


from  which 


RC 


500  10 


3000  (500  10 
=  331 

o/»i 

and  therefore. 


-12 


P„  =  1/2  (500  lO"^*)  (1.2  10®)  (20  10^) 

H 

500  (  .2)^  (20) _ 


=  7200  Watts 
=  7.2  KW 

The  BST  collector  dissipation  may  also  be  computed  by  means  of  heat  loss 
transferred  to  the  coolant  lines  from  the  collector  of  the  BST.  The  loss  for 
this  measurement  is 


(28) 

-  K.iQAT,  KSV 

where 

•^1 

=  0,264,  For  Water 

Q 

=  GPM 

A  T 

= 

-  KW 

lypical  values 

for  this  method  are 

Q 

=  10  GPM  of  10-C  OIL 

AT 

=  2.5°C 

*^2 

=  0. 1017  For  10-C  OIL 

from  which 

P„ 

=  Q  A  T 

n 

2 

=  0.  1017  (10)  (2.5) 

=  2.53,  KW 
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As  mentioned  previously,  t!ic  IIS  i'  en'.lec.iv  tiissip.iliun  may  also  be  computed 
from  the  characteristic  curves  for  Uie  liS  t  .  However,  one  must  know  the  voltage 
cn  the  mod-anode  of  the  DST  .is  a  function  of  time  and  this  is  not  always  easy  to 
come  by.  If,  however,  one  assumes  a  givtoi  funclion  then  this  metliod  reveals 
important  information  relative  to  parameters  associated  with  the  BST,  i, c-  peak 
power,  average  power,  effective  collcelor  •  csistanco,  and  effective  pulse  widths. 

CAPACITY  l.O.U)  FOR  '‘ON*"  BST 

The  capacitive  load  represented  by  “Cg"  in  Figure  1  is  a  major  facioj  iu 
the  design  of  Uic  pidser.  As  shown  in  llie  previous  section  it,  among  other  factors 
such  as  rise  and  fall  times,  figures  heavily  in  determining  the  si/.e  of  the  BST. 

The  value  of  tlie  capacity  may  be  lit  tci  mined  by  several  methods.  These  Include 
the  direct  measurement  by  a  cap  ieily  bridge,  by  calorimetric  mcasurenaent  of 
heat  loss  in  the  "ON"  BST  and  tjy  means  of  waveforms  asscciated  with  the  "ON" 
BST  and  llie  mod-anode  of  the  klystr-an.  Those  will  he  discussed  now  with  the 
calorimotnc  method  first. 


By  ce.uating  Uie  calorimetric  measurement  to  energy  in  the  stray  C  there 


results 


(29) 

P  =  P„ 
c  R 

(30) 

=  1/2  C 

s 

2  P 

E^  (PRF) 

(31) 

- •  Farad 

B  (PRF) 


where  =  KQAT  Watts  as  defined  by  (28) 

E  -  peak  inod-anodc  vo't.age  on  the  klystron,  volts 
As  an  example  of  the  use  of  this  formula,  topical  parameters  are 


E  = 
PRF  = 


120  KV 
2000 
7.2  KW 


Assuming  negligible  convection  and  conduction  heat  losses  of  the  coolant  lines, 
then  one  obtains 

o  _  2JL2J0J _ 


(1,2  10^  (2  10^ 


=  5  10~^®, 
-  500  ppl 


Farad 


Now  returning  to  (38)  removing  t)ie  limits  one  ohtalas: 


(42)  - 


_ lo  _t ^ 

C  t  2  ^ 

s  o 


(43) 


c 

A 


0  @  t  ^  0 
0 


(44) 


V  = 


lo 


S  o 


Differentiating 

(45) 

dt 


fo 


C  to 
s 


and 


(46) 


(4?:  c  = 


lo 


to 


dv. 


dt 


whore  t  is  restricted  to  the  linear  portion  of  i 
if 


(48)  t 

then 

(49)  C 

s 


to 


lo 

d  V 
_ c 

dt 


and  one  obtains  the  well  known  formula 

d  V 


(50) 


lo 


8 

d 


_ ^ 

dt 


] 


t  = 


Again  repeating  lo  and  — ~  are  both  evaluated  at  t  =  tc 

di 

linear  portion  of  i  .  Erjuatton  (5'J)  therefore  serves  ds  : 


if  one  knows  C  and  Is  able  to  determine 


dt 


)  and  are  restricted  to  the 
i  means  of  determining  lo 
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nKSCUIPTlON  OF  PULSER 


Figures  13  p-nci  14  are  photogmphs  of  the  mod-ano<tc  puleer  unit.  It  contains 
four  n'.ajor  assemblies.  They  are  tlic  "ON"  13ST  assembly,  Uie  "OFF"  BST  as¬ 
sembly,  tlie  klystron  bias  supply  of  -1.  2  KVDC  and  a  400  cps,  150  lO/  Isolation 
tra:isforn\cr.  The  antenna  drive  motors  for  the  tuning  of  Uie  receiving  antctinas, 
and  the  shaft  for  the  activation  of  Uic  HV  relay  for  the  clamper  tube  can  also  be 
seen.  The  pulscr  Is  mounted  In  a  tank  filled  with  10-C  insulating  oil.  For  pur¬ 
poses  uC  orientation  tliis  putser  is  shown  mounted  in  the  putsec  tank  (opened)  In 
Figure  15, 
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FIGURE  13  -  REAR  VIEW  OF  MODULATING  ANODE  PULSER  -  RCA  ASSEMBLY  8332338-501 


MODULATING  ANODE  PULiJER  -  UCA  ASSEMBLY  8332338-601 
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flKLI)  KMiSSlON  SW’I  CII  TU13K  STUDY'*’ 

by 

K.  yZ.  Martin^  anU  I\  M,  Charbonnier^ 
l.iiif Hc«c.irch  McMinnville,  Orc{]on 


/MIST  11  ACT 


Y  lie  olijitlive  of  tliik  v/ork  isi  lo  <J'-te  rin  inc  llic  feasibility  of  using  field 
CM  I  i  I « ion  ^  .i'.no(l(  «  in  high  vacuum  switch  lubes  for  radar  pulscr  applicationa, 
Adviintagca  derived  from  the  use  of  ci'inj)acl  iniiltiplc-needlc  cold  field 
eiulirinn  cathodes  arc  <‘l iiii i naliu;i  <.f  heater  power  and  warm  up  time,  ,and 
ability  to  geiier.ile  high  current  density  beams  (^100  a/cm^)  v/ith  a  well- 
d<  fiiH'ii  boundary,  whicli  in  tun;  allows  low  giid  cajiacily,  low  grid  current, 
and  high  voltage  gain  .idvantageous  at  large  output  voltages.  Encouraging 
results  have  been  oldaincd,  and  furl.her  work  is  i)lanned. 

A  ii.(jdular  d  ;slgn  was  adoptcoj;  jiasl  work  lias  been  directed  toward 
development  of  4  sail sfaclury  module,  with  rni]>liasis  on  achieving  effective 
ojteiatlon  of  cathodes  with  uj)  to  600  ricedlce,  and  efficient  beam  collection 
and  secoinlary  sujiprcHslon  at  plate  voltagca  well  below  the  peak  grid  voltage 
(to  r«oIuce  tuhe  power  di s uipatiun).  Designs  and  techniques  used  to  achieve 
these  ohjctlives  arc  discussed.  I’eak  currents  of  26  amperes,  voltage  gains 
ol  00,  and  switched  powers  of  I  megawatt  have  been  demonstrated  at  low  duty 
f.iclor  with  120 -needle  iikkIuIcb,  Ucam  collection  efficiencies  in  excess  of 
li.ivc  been  achieved  with  the  plate  at  one-half  of  the  peak  grid  voltage. 

I'uiurc  j>laii»  call  for  furtlier  refinement  of  the  niodulc  flcsign, 
coiicli  ucllon  of  /nuUiple  modvilc  tubes  with  a  minisnuni  jjcak  current  capa¬ 
bility  of  loo  amjicrcB,  and  operation  at  increased  duly  factor. 


I’aper  prcsejited  at  the  Modulator  Symposium,  Fort  Monmouth,  22-24  May 
1762.  '1  his  wi>rk  was  supported  by  Home  Air  Dc vcToptnent  Center,  Griffion 
Air  Force  iiasc,  TJ.  Y,  ,  under  Contract  No,  Al-'30{602) -21  57,  Project  No, 
5571,  T  ask  No.  55253,  It  is  now  being  jiursued  at  Field  Emisaion  Corporation 
urider  Ihe  same  sjiu/iso.r  and  Contract  No.  Al-'30(602)-2674. 

Now  also  at  b’ield  F-mlssiou  Corporation. 
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I  IMTRODUCTION 


This  paper  is  based  on  work  done  under  the  sponsorship  of  Air  Force 
Systems  Command,  Rome  Air  Development  Center,  Griffiss  Air  Force  Base, 
N.  Y.  The  objective  of  H'.is  effort  »  .  to  ]>erform  a  t'neoretical  and  experi¬ 
mental  investigation  to  determine  tlie  feasibility  of  usi»*g  field  emission 
cathodes  in  high  vacuum  switch  tubes  for  radar  pulser  applications. 

Interest  in  field  catliodes  st^.jns  prin  arily  fr(^;ii  their  demonstrated 
capability  to  yield  extremely  tiigh  ciTiis.si  >ii  densities.  Multiple  needle  field 

c«^«rhodo'*  arc  _ ~',i‘  significant  parameters 

are  the  total  current,  the  current  density'  and  the  perveance  of  the  beam  near 
the  plate,  in  addition  to  the  current  density  at  tlie  field  cathode  emitting 
suridCe  (which  commonly  exceeds  10^  aniji/cm^).  Filamentary  field  cathodes 
of  the  T-F  type  are  presently'  used  in  commercial  high  voltage  flash  x-ray 
tubes  to  produce  electron  beams  with  total  peak  currents  above  1000  amperes 
and  with  current  densities  above  1000  amp/cm^  at  tlie  anode,  and  the  present 
work  leads  one  to  expect  that  comparable  beam  peak  currents  and  current 
densities  may  be  achieved  at  lower  be.am  voltages  (e.g.,  10  to  20  kv)  by  the 
use  of  compact  multiple-needle  arrays  of  field  cathodes. 

High  vacuum  switch  tubes  using  thermionic  catliodes  may  be  grouped 
into  two  categories:  conventional  close-spaced  triodes  or  tetrodes,  and 
focused  beam  "magnetron  injection  gun"  triodes.  Tlie  former  are  capable  of 
high  beam  pcrveanccs  and  high  switching  power  in  relatively  small 
structures.  However,  it  appears  in  general  difficult  to  avoid  drawing  large 
currents  at  the  control  grid,  and  the  capacity  between  the  grid  and  the  other 
electrodes  is  large,  thus  requiring  elaborate  grid  cooling  and  a  large  amount 
of  power  to  drive  the  grid;  also,  the  cathode  is  imperfectly  shielded  from 
the  plate,  which  makes  it  difficult  to  handle  very  large  output  voltage  pulses, 
Sv/itch  tubes  of  the  "magnetron  injection  gun"  type  utilize  well-defined  hollow 
beams  which  allow  consi<ie rable  spacing  between  the  modulating  electrode 
and  the  plate,  yield  pcntodc-like  characleristicB,  and  thereby  overcome 
some  limitations  of  close-spaced  triodc  switch  tubes;  however,  the  need  to 
confine  the  beam  over  a  fairly  large  transit  distance  tends  to  limit  the  beam 
perveance  and  results  in  relatively  large  size  and  weight. 

Field  emission  switch  tubes  appear  capable  of  combining  to  a  fair 
extent  the  respective  advantages  of  both  types  of  switch  tubes  just  described. 
?v*ulti])lc  lip  field  emission  cathodes  are  capable  of  producing  a  very  high 
density  electron  beam  with  a  well  defined  edge.  Thus,  it  is  possible  to 
extract  the  beam  through  a  small  aperture  in  the  controi  grid  without 
drawing  a  large  grici  current.  The  gricl  jnay  be  made  small  since  it  does  not 
tlissipate  much  power,  and  the  grid  capacity  may  be  reduced;  also,  the 
cathode  is  well  shielded  from  the  plate  and  large  output  voltages  can  be 
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liandled  satisfactorily  since  the  tube  has  a  voltage  gain;  high  beam  per- 

veances  may  be  achieved  in  relatively  small  str'.ictur«!S  because  of  the  high 
beam  current  density.  Finally,  field  emission  switch  tubes  have  the 
additional  advantage  of  using  a  cold  cathode,  which  eliminates  warm-up 
time  and  the  need  for  generating  and  dissipating  heater  power. 

U  GENF.RAL  CONSIDER. ATIONS 

A.  Tile  Field  Emission  Process 

Field  emission  is  the  emission  of  electro.ns,  usually  from  a  metal  into 
vacuum,  by  tunneling  through  the  surface  potential  barrier  which  is  lowered 
and  thinned,  as  shown  in  Figure  1,  by  application  of  an  intense  electric 
field.  The  resulting  emission  is  expl.iinet.i  by  quantum  mechanics  and 
described  by  the  Fowle  r  -  Nordhciin  equation,  which  may  be  put  in  the  form: 

2  F 

J  =  AF  e  (1) 

where  J  is  the  emitted  current  density  in  a/cm^,  F  is  the  applied  electric 
field  in  v/cm,  and  0  is  th^c  "thermionic"  work  function  in  ev.  In  the  case  of 
tung.sten,  which  is  at  present  the  emitter  material  i-nost  often  used  in 
practice,  the  average  work  function  is  4.  5  ev  and  the  corresponding  values 
of  A  and  B  in  Eq,  (1)  arc  respectively  3.  5  x  10"^  and  6.  12  x  10®,  in  the  units 
shown  above.  The  Fowler-Nordheim  equation  for  field  emission  is  formally 
similar  to  the  Ricnardson  equation  for  thern'.ionic  emission,  the  field  in  the 
former  case  playing  the  role  of  the  temperature  in  the  latter  case;  in  both 
cases  the  err..ssion  is  .strongly  dependent  \ipon  work  function. 

Thermionic  emission  (over  the  top  of  the  potential  barrier)  and  cold 
field  emission  (tunneling  through  the  barrier)  represent  the  two  extremes  of 
a  continuous  range  of  emission  processes.  Schotlky  emission  and  T-F 
emission  are  intermediate  processes  in  which  both  temperature  and  field 
are  combined  to  produce  emission.  T-F  cniission  is  defined  as  the  emission 
from  a  heated  conductor,  in  the  pre-sence  of  an  applied  electric  field  large 
enough  so  that  a  majority  of  the  electrons  are  emitted  through  rather  than 
above  the  barrier.  Figure  2  shows  the  theoretical  relationship  between  J, 

T  and  F  for  0  =  4.  5  ev  (e.  g.,  tungsten);  cold  field  emission  is  included  as 
a  special  case,  T  =  O.  To  the  left  of  points  B,  tunneling  accounts  for  less 
than  fiO%  of  the  total  emission,  which  is  thermionic  in  nature:  J  is  very 
sensitive  to  T  and  relatively  insensitive  to  F.  To  the  right  of  points  B, 
emission  occurs  primarily  by  tunneling  and  it  has  the  cliaracteristic  of  field 
emission:  J  is  very  high,  increases  rapidly  with  F  and  becomes  relatively 
insensitive  to  T.  Typical  conditions  at  the  tip  of  a  pulsed  cold  tungsten  field 
emitter  are:  F  '5^  6  x  10^  v/cm  and  J  10^  a/cm®. 
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Figvxre  1.  Potential  barrier  at  the  surface  of  a  tungsten  cathode,  for 
various  values  of  the  applied  electric  field  F • 


Fmittcd  current  density  vs  applied  field,  for  0-4,5  ev  (tungsten). 


In  practice,  this  high  field  requirement  at  the  cathode  is  reconciled 
with  moderate  grid  voltages  and  convenient  spacings  by  using  very  sharp 
needle-  shaped  cathodes,  such  as  is  shown  highly  magnified  in  Figure  3. 

Such  emitters  are  commonly  clectrolyticaily  shaped  from  wire  of  a  suitable 
material  such  as  tungsten  and.  following  smoothing  and  blunting  of  the  tip  by 
thermal  migration,  assume  the  geometry  shown,  which  consists  of  an  appro¬ 
ximately  licmispher ical  tip  of  radius  r  (typically  a  few  tenths  c'"  a  micron) 
smoothly  fitted  to  a  conical  shank.  Due  to  the  decrease  of  electric  field  in 
the  shank  region,  the  emission  from  such  a  needle  is  confined  to  an  area  of 
the  order  of  rrr^  centered  at  the  emitter  apex  where  field  is  maximum.  The 
emitted  electrons  are  accelerated  in  the  intense  field  adjacent  to  the  tip  and 
form  a  beam  which,  although  divergent,  has  a  well  defined  edge.  This  per¬ 
mits  production  and  modulation  of  the  emission  field  by  nieans  of  a  control 
grid  positioned  wlioily  outside  of  the  electron  beam.  The  field  at  the  emitter 
apex  is  approximately  related  to  the  control  grid  voltage  V  by  tlie  expression: 


F  =  PV 


V 


r 


10 


4r 

R 


where  R  is  the  grid-to-tip  spacing. 


B.  Electrical  Characteristics  of  Field  Cathodes 


(2) 


A  stiidy  of  the  electrical  performance  of  pulsed  field  emission  cathode 
at  high  emission  density  level  reveals  two  significant  phenomena.  The 
first  is  the  occurrence  of  space  charge  effects  near  the  tip,  ^  which  become 
appreciable  above  10“^  a/cm^  and  cause  the  field  at  the  tip  to  rise  less 
rapidly  than  the  applied  voltage.  The  second  is  tip  heating  which  increases 
with  emission  density»at  high  current  level,  such  heating  can  result  in 
gradual  geometric  changes  by  surface  migration  or  even,  if  a  critical 
current  is  exceeded,  in  evaporation  of  emitter  material  and  initiation  of 
a  vacuum  arc.  ^  Ijyj  depends  on  cathode  material  and  geometry  and  on 
pulse  length.  For  tungsten  cathodes  and  pulse  lengtlis  of  interest  in  the 
present  application,  good  agreement  is  found  with  the  approximate  thcoreticad 
expression;^ 


=  3,6  X  10^  or  (3) 

in  which  is  in  amperes,  r  is  the  tip  radius  in  cm  and  a  is  the  half  angle 
of  the  conical  cathode  shank  in  radians, 

P,  Barbour,  et  al.  ,  Phys.  Rev.  45  (1953). 

W.  P.  Dyke,  et  al.,  Phys.  P.ev.  9 1  .  1043  (1933). 

^W.  W.  Dolan,  et  al,  ,  Phys.  Rev,  1054  (1953). 

^WADD  Teclinical  Report  59-20. 
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Experifnental  testa  indic.ite  tliat  opc  •  ‘.i':  .•.!  i  i\'  ;..-hal£ 

the  maximum  current  normally  yields  long  c<-.t!:ode  liie.  r  igure  4  shows 
the  corresponding  dependence  on  tip  radius  r  of  the  peak  beam  current  Io» 
assuming  a  typical  cone  angle  c  =  0.1  V5  radiin  (10*^),  a  pulse  length  of  10 
microseconds  and  an  ideal  (i.e.,  perfectly  uniform)  array.  Also  shown  are 
the  required  grid  voltage  Vq.  the  beam  pervtance  k  =  and  the 

"cut-off"  voltage  required  at  the  control  grid  to  reduce  the  emitted 
current  to  I0~**  Iq,  assunting  a  typical  cathodc-to-grid  spacing  of  0.010'*' 
and  Ignoring  the  shielding  effect  to  be  discussed  later. 

Multiple -needle  cathodes,  such  as  that  .shoan  in  Figure  5,  liavc  been 
developed  for  applications  wldcli  require  high  values  of  beam  perveancc. 

The  limitations  of  the  singlc-nec-dle  cathode  in  this  respect  are  quite 
apparent  in  Figure  4;  large  currents  can  be  drawi-,  only  from  large  needles 
which  require  large  grid  voltages,  and  the  beam  perveancc-  is  almost  inde¬ 
pendant  of  tip  radius  and  of  the  order  of  10"'  amp/v^^^.  For  this  reason, 
multiplc-ncedlc  cathodes  are  used  when  a  large  beam  perveancc  is  required; 
a  relatively  low  beam  voltage  is  maintaiiied  by  the  use  cf  sharp  needles,  and 
the  desired  beam  current  is  acb.ieved  by  using  a  sciiic’cnt  number  of  needles. 

The  performance  of  actual  n.ultiple-needlc  cathi'des  deviates  from  that 
of  "ideal  arrays,"  i.e,,  arrays  made  up  of  perfectly  uniform  needles  each  of 
which  contributes  to  the  total  emission  current  <i:-.u  perveancc  according  to 
the  performance  predicted  in  Figure  4,  because  of  inter-eniitter  "electro¬ 
static  shielding"  and  because  of  tip  non-unifornrity.  For  example,  a  160 
needle  c-athode  w^as  found,  in  an  actual  experimental  case,  to  give  perfor¬ 
mance  equivalent  to  a  50  needle  "ideal  array." 

The  magnitude  of  these  effects  has  been  studied  both  theoretically  and 
experimentally.  For  example,  in  a  typical  case  where  the  emittar-to-grid 
distance  R  is  equal  to  twice  the  inter-emitter  splicing  d  of  a  double-row 
linear  array,  tests  show  that  23^0  more  grid  voltage  is  required  to  produce 
a  given  emission  current  density  than  would  be  needed  for  an  isolated 
emitter  having  identical  geontetry.  ^  Figure  6  summarizes  the  results  of 
such  tests;  in  view  of  Fq.  {?.),  the  relative  (1  values  are  inversely  pro¬ 
portional  to  the  grid  voltages  required. 

The  effects  of  gcoinetric  I’.on- uniformity  of  the  needles  of  an  array  are 
very  pronoujiced  at  lov/  emission  deitsilies,  but  become  less  so  at  high 
densities.  As  an  example,  an  array,  having  a  symmetrical  distribution  of 
emitter  radii  Mich  that  the  largest  i.nitters  have  radii  1.5  times  those  of 
the  smallest,  will  in  general  dcli.'er  mdy  107c  of  tiie  current  emitted  by  a 
uniform  array  when  operated  with  eni:s..iwu  densities  of  the  erder  of 
100  but  will  deliver  30'vo  as  much  curri  nt  as  the  uniform  array  at  an 

emission  density  of  10^  a/ern^. 


^Quarterly  Report  No.  4  (1  3  March  -  15  June  19''i),  Contract  Nr,  DA-36-039 
SC-8536a. 
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Figure  6.  Relative  p  (solic'  lines)  and  relative  pcrveancc  (dashed  lines)  of 
various  cathodes,  referred  to  an  unsliielded  neetile,  as  functions 
of  the  ratio  of  cathodc-anode  spacing  to  inter-emitter  spacing, 
R/d,  Curves  1,2,3  relative  P  for:  a  needle  on  an  array  filament 
a  single-row  and  a  double-row  array,  respectively:  Curves  4, 

5  relative  pcrvcance  per  needle  on  a  single-row  and  a  double- 
row  array,  respectively. 


C.  Fielii  Eini-.sion  Sv.  iirii  i‘  il-.'  -  N’‘ .■  lul .i  i' 

Will)  the  prer.efling  cons i rl,- r.il ions  as  de.-ign  p.n'amot <•  r s ,  tcsling  ol 
the  feasibility  of  the  use  of  field  cniission  catho.li'S  in  liieh  power  switch 
tubes  was  undertaken,  Ultiniat<-  objectives  indujalorl  in  llie  contract  in- 
clutlod  a  peak  current  level  of  k'jOO  aiojicrcs,  .;nr!  a  cl  li  i- vtui  lenl  ol  a  beam 
perveance  of  10"^  a/v^^^  at  a  curr.-nL  of  lOOf)  empe  i  e.‘  .  'I'hc  curre-nt  and 
pervcar.ee  requiremeiils  in  either  c.ue  iniply  the  use  of  a  vcj’y  large  total 
number  ot  needles.  Assuir.iiij^  the  use  of  prccsenl  tloijble  rov/  liiu'ar  arrays 
of  tungsten  needles  a  total  pe  rv  ea  iice  ol  10“^  ai:i]'./ at  tlic  contiol  grid 
apcrlare  (where  the  be.ii.i  vol'.agi"  is  highest  .nic  tlie  beam  jici  veance  is 
lowest)  corresponds  to  .ipproy.i.;-.ili  ly  18,000  nccdl.-s,  ii.nl  lo  .a  total  array 
length  of  -IS  iiiClies  if  a  typic.al  cjj.icing  lictween  ni-tolle;  of  0,000"  is  used, 
Mech.nical  and  electrical  eon- :'le  r.tl  ion;:  .idvi'.e  agaiiiji  the  ccai -.trurtion  of 
a  sliijte  array  <.il  tl.is  length,  ai.f!  it  is  [irojioscd  in  the  final  switch  lube  lo 
f<.dlo  V  coi.it!  on  nraclice  aial  use  a  luo'lul.i  v  type  of  design,  in  cvhirli  the 
b'.vuci.  n  )c-  cninsists  of  ;>ever.il  identical  •iib-uiiits  i' r  rtiodules  cotitaini;d 
ithin  the  t  line  v;.  -iium  c:iV4>l  i  •}/•--,  liniiibi-i  of  i  n  rjri,  d  n  :i  i,f  tin;  cirder  of  SO 
appears  i  caso..  ‘  .e  at  Ibis  tiinei  howev'er,  a  fiii,l  choice  of  tin*  numlicr  of 
modules  has  ncit  been  made,  1 1 1 .i 1 1 ei'i a t e  objiciive  of  the  initial  phase  of 

this  work  was  the  design,  cons i r 'iidion  and  Icslutg  tif  an  iiniiviilual  module 
consistent  with  th<‘  ultiiiiate  •.•.vitili  lube  ohjei-t  i  siav  ,  caii  ib!'  ''f  iwitch- 

i.ig  a  beam  current  %jf  approrcimately  ani]teres,  co i  re ;■  poncii ng  lo  .i  beam 
pe  1  vo.iiiccv  of  2S  .y  10"^  .'imp,/ v 

A  module  design  w.as  sought  v/lncb  wc/uld  iiic.vrpofule  the  lollowing: 

(a)  a  Cathode  ’.vitli  a  suffjc.i'nti  nundajr  of  neeilles  for  ihe  roijnircd 
beam  current  <iiid  pervo-ance 

(h)  a  control  grid  v/iiich  v/i^uld  iniercepi  a  negl i ;; ibl  e  iJoi  lion  'if  the 
jiriiiiary  bin'im  dcsjjile  a  3lron,;ly  por.ilive  poteiilial  .unJ  •.let,]>itc 
a  relatively  small  catin./de  to  j’.rid  spacing 

(c)  a  means  for  prev-  iiting  r.  turn  lo  the  conlcol  (;i  id  of  aecondary 
electrons  Ol  igin  t' iiig  at  '.he  pl.'le,  ever,  v.l’e!!  nsing  a  jdate 
j;oli;nlial  sub  a  .in' ial  ly  lower  lit;  '  the  peak  grid  volt;tj;e  in  order 
lo  reduci-  lube  v*  Il  .tge  droji  aiuJ  .tleiiial  ].o'.>,  i  r  ili -t  sip.i I i on 

(c)  a  lube  de-.igii  con .jiali hi e  with  a  jd  tie  voll.ige  in  e.'-'Ceiis  ol  100  lev 
wIkmi  ill  the  off  condition 

(4;)  a  catlu'de  i-nvi  i  4..lii.i'-a.l  C4.n  *  ipa  1 1 1*1  e  with  sl.ibl*-  lOjlil  c  il,,  de  per¬ 
formance  (  •  lli'^*^  Ih/i  r);  il  tins  .sl.oiilil  pjov*;  nnfc  •  j1 1;  due  to 

the  high  .iveiag*;  jiov.o.r  di ipa  li*  .11  lev*!,  >i  ,1 1  i  ,.f  .H  lor  y  field  cailhotlc 
j'e  i  f o  Cl naiie  V  can  be  .ichit  '.  od  by  ini  o  1  muii nl  or  ci/iilinuous  healing 
ol  Llic  cathode^ 

^■'W.  J',  h/li.:,  F.  M.  (.di.'i  ib'iiniifr  el  ;il.,  J.  Ap|il.  1  liva.,  ^1,  /‘jO,  May  I76O. 
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(f)  a  l<yw  grid  caj>.if. itaiicc 

h)  pruviBioii  for  di  b  ioii  <»f  gi-in:  i  ainj  ^1  tlic  plat'-  ani  luiitrot 

grid. 

IM  DKVKI.OPMl -fM  <)}  I.H  l  AI,  I  II JJ) 

swi  I  <  Ji  T  t mm;  :><( idui  t-is  ' 

A.  Ccnofal  nptloii 

I'ivc  lyp«:ii  of  I'Hpc  1  tint  Ji<^l  field  eiiil*^l<<li  »v,l(i.li  ti^vq  le  oii  <  HH- 

ulructcd  .md  tmted  .«(  (Iiit  linn-,  d>  ti  i  ^■n.i  1 1  d  .-in  J-  K.'j’l  <fii  Id  r-iiii«iiion  tvi/tl*  li 
tube)  1,  etc.  in  t  li  I'Ui'd  oj;n  .il  oid‘-i  of  <  on  <<|  r  ui  t  i  on .  'lll<’•e  lubes  siP  id 

pc  nc  I  >il  1  y  H  ill)  i  l<i  r  de  (<  i  pn  .•  lid  ti'>  e  llie  n.i  li  le  mm  t  •'  r  ul  s ;  I  In;  y  1 1 1 1  f  <i  I  | '  I  In  i4  I  1 1  y 
by  ilic  ni/.c  .mil  coidi  p'l  i  .it  ton  ol  tliv  i  .itl.O'lc,  by  drt.illi.  In  llic  l  y  ui 

the  Ollier  olccliodi's  .md  by  det.ills  In  llic  .issi-inbly  lee  linlipJP  ■, 

1  be  I'jtliodo  ih  m.idu  of  I  iinpuli  n,  .ii.d  oil.i  i  1. 1  i.e  t  l  ode  s  «  i  i;  umiIii  of  iiml* 
y  bdeiiijiii .  '1  lie  lube  i  1 1  i  l  rmle  «  Ate  eie  )  o  a  i  d  In  An  est  e  I  IM  I  v  a  i  u<i  1 1 1  c  n  vn  Inpe 
lii..de  of  aIuiiiIjkj -bllie.ile,  (.oininptypu  l/i'.O.  ^Iasa.  ‘1  In  i  i  mm  I  bol  mIm  i  di  ii  <<  til 
f  il.uii  ent  A  f(.>r  uu'  gA  «  b  I  up  I  be  i  I  •  el  r  ode  »  du  1 1  ng  u  vdi  uaI  I  on  of  I  lie  lube  and  m 
litrilliniM  on  I UIIC  u  Icii  ei>ll.>j  fit  inn  til  nie  n|>i>  ptnyidcd. 

Corning  l7?.0Aliiiiiiiio-sUUti(it  gl^Nt  WnS  ebosnnbeeAuse  It  off  nit 
Aevcral  advaiituget  as  an  envedopo  mail  i  I al  (or  lilgb  powe  i  and  nil  i  a  lilgb 
vaeuuni  dcvIccMi  Ibe  67(1'*  C  aliain  point  pcimlts  usu  of  liigbet  baVir^oul 
teinperalei  ret  and  inoie  tlgmout  deg.iestng  piue<di4rt.s  IImii  Would  idliurwiav 
be  ])oiitib1e,  and  lit  icblalanee  lo  ilKlunloii  of  alinnsplie  i  li  InlPiiii  Inblblli 
Ibo  aeciliiinlAtlon  ovit  .1  jieilod  of  llinr  of  siibslanllal  Ainounls  of  llilt  gas 
wltliln  ibn  lube,  lliit  la  advan  l-tf;  •  tius  beiauiv  (oupliMnliiy  of  tlie  eAllioda 
Hijrfacu  by  In.dliiin  Ion  boinb.i  i  dmenl  piadually  leadt  lo  eleiliiial  IntlAblllly 
of  c  old  f  |e|  d  ciii  ||  le  I  n  opi  i  .i(i  d  In  e  n  vi- 1’  ij .e  s  uf  inula  eon  V e  i,l Ion  1 1  ii  lale  i  I  nl  a, 
c.  g.,  Coi  nliig  V  /lO  "  1  'y  I  <•*"  gin  s  t .  ^ 

Ibo  I  null  I  pi  e  '  n<:  i:  <JI  e  eatbodet  J'lese'iitly  used  eonblsl  of  A  ii'iinbel  of 
liidlvltJiial  Jioliili  fiiiti  ii  ailtnl  f  I  oiii  t  oi.ill  lungnteli  wit  r  t  t  pot  •  W  u  I  d  I'd  nt 
I  (gill, 11  iiitorvalt  iilong  laolb  sidet  nl  A  l<iii|,sirti  i  iij'piii  1 1  ng  lllainuiil,  Iboii 
e  I  el  n.  d  el  e  cl  I'ol  y  1 1  e  a  1 1  y  lo  f  o  i  1 1 1  si  i-i  r  i>  in  «n  I)  o  t . 

II.  Cl  Ol  I  lel  I  len  1  I  llbe-  1  )‘J  t  |gl> 


Ilia  fii'Id  ffiiissloji  swltili  I'lbi;  lln  bleb  fpld  lti|nlied  id  llni  lieeillii  tips. 
(ui  ciiilbsloiideiibillitidtlnjoidei  of  IP  a/iiii^,  ipsnl(tliiiilel>i(lvi|yblpl| 
<  Old  I  ol  g  I  1  d  pe  a  k  Voltage  (ti'm  .i  1 1  y .  I  l.ouj; b  nol  net  e  s  s  a  I  1 1  y  ,  of  t  bu  o  i  ile  r  of 

K.  I.lai'ln,  .J,  K.  'I  •ol.iii  ni.d  W.  I'.  Dyke,  J.  Appl.  I'bys,  Jl,  7(1^, 

(I ’>60).  “ 


i  kv),^  A  |>l  lie  vutVi^r  dciikieil  (wlicii  llie  Ivilii:  in  rwiiiJuillii  a) 

urder  lu  rciiMec  liitcinal  ;>ijwrr  (!■%  nmJ  a  ■  all  y  f  jl  tui  y  dcii^fi  rcc^ulri:! 

n  •uj’j'i  r  »  n  Ion  I  >j  i  ))  i-ii  iL'tbfully  prcvcttla  Wfcufidary  (dcctiont 

I  aloil  At  lliu  I'lalt  (luiii  aliiliii);  l),c  vultagc-  eunttul  ?.)  ia 

(  ul  1 1 1 '  a  1 1  III  r-  w  1 1  li  A  li  I  (;l>  li(  a  ii  i  !•<'  i  vi  >i  m  t-  w  )i  t*  n  1  h  <•  I  ij  Iip  la  t  u  ii<]  >i  t  1 1  A  ii'J  v/ 1 1  li  a 
lii)jli  ('IaI*  vullaj/r  ilir  lubr  la  awilclic'd  <ilf  Aiid  1)  r(!aullt  in  m  jd 

dl  I  rel  ImI  A  r  I  I  |>l  tun  ul  boain. 

I  ,  tiji'L  t  Mjatat  It  iSin'jii  raa  |^<ll  •  i'K'ST  I  to  4 

Hw  It  ill  t  iilii'  a  J-  I  .S  I  1  III  A  u  CM-  I  1  •'(  (  I  >>  'I  I  .It  I  >  ii  1 1  y  aii)ij>  i  l  a  a  rd  le  t  r  uilc  a  of 

•  .1 1 1  i  I A  I  ill  a  ly  iia  I  iii  II I  (nil  at  iii|;  t  Atli<<il<  a  w  it  li  )>  l  m;  i  c  a  a  K  l  1  y  l.i  i  j;i  i  I'lji  1 1  lie  l  a  o( 

(i|ia,  tliiMiiar  of  llila  a  1  ■  1 1 1  l.i  I  1 1  y  uiily  I  I  .SI  i  ,  bIhiwm  in  Fljniri-  1,  v/i|l 

III'  iliai  iiaai'iJ,  ‘I  liA  i  atliiidi'  iiiiialala  id  two  Iowa  id  lii  rdlca  wi  Idi  il  on  o|ij malic 
a  1 1  If  a  (d  A  0 .  d  I  d  "  a  II I  ij  I  >  I  1 1  ti|^  ( 1 1  ai  1 1 1  i  il  1(11111111  in  a  I) ,  (t  J  U  "  w  i  1  If  1  I  <1  .1  Jn  1  I  1 1  oi 

r  A  I  1 1  I  '  I  w  I  ona  I  a  t  a  ol  I  dO  ni  f  ill  1  a  aj.  a  i  id  U  .  HU  S  "  a  1 1.1 1  I .  I  Si  1 1 1  c  til  .1 1  a  t  li  nt  io'l 

waa  (il  V  1  II  I  o  t  III!  a  (1 1 i]i I  f  a  a 01  ^  1  I  >1  ili  a  I  |^n .  'I  li  c  1 1  loda  ol  a  ii|iji  1  c  a  a  I  01 1  ivli '  1.  ),  a  a  a 

U  a  I  d  I  >  .1 1 . 1  '.t  I  r  lit  til  I  I  ^  II I  f  H  wti  11  !■  aliow  a  I  li  r  0  I  a  t  1  1  Init  I  o  1 1  ol  Jn  it  c  nl  I  .d  n/'ij  I  li  i* 

Ji.illi  of  a  t)|.ii  a)  I'll  ii.iiy  rliiti.ni  tli  a  t)i‘f  4  liiliu  ill  IliC  i  aic  wIil-ic  IIic  |datu 
Vol  t  A 1 1  w  A  a  'iU'«  <  d  till-  (  out  I  id  (;  I  id  volt  a  i;f ,  Mol  r  I  li  j  t  In  I  li  I  a  t  oud  1 1  iun  a 

I  it  f  lit  ul  1 1 1  Ini  I  I II I II  At  iV%  ol  t  (lilt  I  III  y  I  id  voll  a);ii  1  a  1  bt  y  bi  I  a  c  e  li  tli  1,  j/1  aI  ii 

•  lid  I  li  1 1  fi  1  f  f  1 1  iitl  I’ ,  Si  lit  o  Hill  jj  I  I  ,il  1 1  i.i^o  I  It  y  of  a  (■  t  ond.t  I  y  i.d  f  1  I  Ton  a  lia  vo 

Vi'iy  I'lW  liilll.il  tun  ifli  a  iffi'ilivi'  animii  aalon  wnidd  In'  •so  ml  ml  rvmi  jf  (f|C 
1 1 '  I  n  1 1 1 1'l  1 1 1  In  (lio  Aula  |"ilinUal  luivf  la  M'lallvdy  aliAlluw,  lltr  |n/te‘iitial 
fill  a  ca  wlili  II  41  »  aliov/ii  l(;ni>iii  ll,f  bfaii,  aj.icti  tlijli'i',  wMi.li  ivoilltj  folllicr 

(I  II)  1 1  I'  •  a  t  II  f  ;  'll «'  lit  1 .1 1  1 1 1 1  III  iniiiii  V|| ,  Aiid  |i  I  o  V  Idu  at  1 1 1  li  lu  1  e  cl  f  ft  1 1  v<;  au)i|i  r  ct;  u  • 
loll  of  a  m  ono  .  I  I  !•  a  ,  In  Hit  almtiin  c  ol  bf  aiii  l  Im  I  f llio  cxl  at  i  in  c  of  A  Jiolcnl- 
IaI  1 1 1 1 1 1 1 1 1 1  >1 1 1 1  A 1 1 '  I  t  II  0  <  o  I  I  f  a  |miidlii{/  a  u)  'j>  I  t:  a  b  I  o  11  of  )  d  A  t  u  a  c  (  o  iid'i  t  1  r  a  oc  c  u  r  M 
»1  a  loii^  Aa  III  I'lalti  Volta^f  fa»iio.,  A)i|i  1  ua  1 1 1 1.1 1 1  I  y  id%  o)  llif  i  out  1  ol  yi'd 
Voltaijf,  Vi'llli  llif  In  .till  |iicaciil,  a  II] '(ir  1;  a  a  I  on  W'ni  I  d  br  .T  r  bl  f  Vf  d  Al  alill 
|i  iVt  I  Voll.Aj^i.a,  fil'd  llif  d>  al|;ii  |iiovt'li  a  rMfLllvf  ati)']<i  oaaioii  of  ancoixl.tiy 
iliilioiia  fill  .ill  VAlijn  a  of  jibuc  voll.i^i-  fd  |ii  At  111  ,\|  liiUlcul,  It  w  1 1 1  be  iiol  cd 
llml  iMa  deal];ii  liAa  llic  a  ilv.iiit  .t  j;f  of  j'lovldln;;  Hiij']>i  ca  b  loti  of  a  e  i.oiiilii  r  I  e  a 
Wllli'Mil  jiIai  Ihj]  n  j;  1  i'l  III  tlir  joatli  0/  the  br.Tiii. 

Ill  )  1  o  I  o  9  A  I  f  al  10  wii  t  Ilf  I  1, 1.'  1 1  Vf  t  If  1 1  ft  t  loll  fl  1 1 1,  i  I.  Il  L  y ,  I .  c . ,  I  lie  )  Alio 
ol  I'I'ilu  I'.;  falli'iile  fill  ii'iila,  obtiiiiiml  In  a  lyj>o  'I  lube  for  ddferciil  Jilillc 
vollAjji  a,  cAiiifBacil  .ia  fiAiiiwna  of  tlif  oontrol  j;ild  vollAjjr,  nl  acvrral 

V. 1 1 II I  a  of  b  I  .11 1 1  L  II I  I  rill  , 

1'.,  M.i^m  lit  S  u^iji  I  (  a  H  I  on  •  1  l.S 

llii'  tj  1 1  1  1 1 '  I A  1 .« 1 1 1  a  iij'|ii  (' M  a  I'/ii  I  •' i  III!  1<  j'li;  deaiilbml  iibovc,  vvlille  f.iirly 
a  .1 1 1  »  1 4 1.  lo  I  y ,  I  1  L]  lit  1  f  a  A  J]  I  oiindi  ij  ani  'I'l  e  a  aor  j;  1  I  'J  wli  i  1.  li  jd  a  i.  c  a  I  i  1 1  r. tat  Iona 

M'itu  Imwfvi'i  lli.it,  'vllli  .1  flidtl  f.illiode,  ilif  cut-off  volt.ijoi  is  (msillvc  and 
li  I ']  ■  I  o  A  1 1  "  A  t '  1  y  I  i|  1 1.1 1  to  oni-  t  Id  1  il  of  tin-  j-'-.i)-  vol  1 .1  j^i! ,  a  o  1 1 1.1 1  I  lif  r  ct^iil  I'  ed 
(jil'l  j.'dau  Aii'i'l  llii'lf  li  only  .iboul  I  wi  1 -I  li  1 1  d  a  ol  llie  J'l'.lk  ];tiil  volt.lj;''. 
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on  beam  pcrvear.ci.;  aJid  vollaye  siai,d  oil. 

Because  r!;c  field  emitted  cloctronr.  are  acce! e  l  atcd  to  a  large  fraction 
of  the  grid  voltage  witliiii  a  few  iuicron!:.  lioio  the  tip,  a  n lO'lc rate  transverse 
magnetic  field  will  perturb  only  slightly  the  tvrim.’.ry  electron  p.iths,  but 
will  strongly  cictlect  low  or.ergy  sc-condavy  eli.wt  rons  an<]  Jelurn  llieni  to  the 
collector  surface  near  their  ]>oint  of  origin,  as  illust  r.ili-d  in  Figure  10.  A 
f ield  em ; s s ion  Iriode,  with  a  compact  multijtle -r.^  edl e  cathode  and  tt  spheri¬ 
cal  plate  centered  at  the  cathode,  was  built  to  test  the  ractical ity  of  this 
magnetic  supj'iros  s  ion  technique.  In  Figure  11  are  sh.o'-vn  colleclioii  curves 
obtained  by  operating  tiie  triode  in  a  I  iO  or  r.-ned  inagnelic  ficbl  perpendi¬ 
cular  to  the  tube  axis,  .-‘it  all  ctirr*Mit  Icvcds  inve-s!  igaled  the  collection  eff¬ 
iciency  exceeded  that  achieved  iu  the  elect  l  ostalicall  /  .'.uign'essed  lubes 
FEST  1  to  4,  and  it  was  jj  iJt  ihle  to  maintain  cllicienl  collection  down  to 

Vp'=  1/3  V^. 

Type  FE5T-3  switch  lubes,  as  illuslrated  in  Figure  i  i’. ,  d’lfer  .signifi¬ 
cantly  from  earlier  lubes  in  that  fliey  are  magnet ica  11  v  supprc.ssed  field 
emission  triodes  v.ith  a  600  ma'illc,  1/4  x  1/4  incli  .-.ipi.are  cathode,  consisting 
of  6  parallel  double  row-arrays  interspersed  with  control  grid  wires.  'l‘he 
plate  is  a  1  cm  radius  Mo  hcmisplicrc. 

_ F-vactiatltm  and  Processing 

1 .  Fvacuatiort 

Attainment  of  ultra  high  vacuum  cotidil.  ai.s  was  sought  in  order  to  pro¬ 
mote  long  term  stability  of  the  unhealed  cathode  hy  reducing  the  rate  of 
contamination  of  ll,e  cold  surface.  Baking  of  the  entire  tube  at  SSO^^C  was 
alternated  with  outgassing  of  the  ele<  trodes  at  1200  to  MOO'^C.  Just  before 
seal  off  the  pres.sure  was  ajiproximtilely  10'' '  Torr,  and  a  .still  lower  value 
was  probtiltly  achieved  following  gelUrritig  of  the  sc.aicd-off  tube. 

Post  Evacuation  Cathode  Tailoring 

Present  field  c.tt  bodes  are  iiiaile  of  pure  tvingstun  a  lul  require  no  acti¬ 
vation.  The  puepo;-.';  of  catbofle  taPnring  i  .s  I  o  provide  the  di;sired  uniformity 
of  tip  radii  essent;  :1  to  effective  operation  of  muUiple  Lip  call-.odcs. 

In  the  past,  th.e  rn  lal  i  y  inducc<l  surf.ice  migration  under  the  action  of 
surface  toii.sion  forces  has  b.'o-r.  nse<t  wp);  f;,ir  success  "m  ac'nieve  the 
desired  uriiformily  iT  ennLler  tip  radii. In  tlii.s  process  ln-ating  of  tlie 
tu.-'.g-^ten  c.ailiisdu  tv  a  suflitient  teinperature  (e.g.,  IdOO'^C)  cn.ihltcs  .surface 
atoios  to  inigr.'ite  reg.ion.s  of  Itigli  curvet. ii’e  to  regions  (if  lesser  curva¬ 

ture,  at  a  rate  wi,i(  I,  incre.i.-  o.s  rapidly  w  ith  local  cu  r  ws  tu  i- e,  Tluis  when  the 
cathode  is  first  ln-atcd  the  .sh  irp  projections  prc  jenl  on  tlnj  surface  of  the 


A05 


Sketch  of  primary  and  secondary  electron  paths  in  a  magnelip 


Figure  11.  Colleclion  turvei;  obtained  from  experimental  lubes  suppressed 
by  130  oersted  magnetic  field. 
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emitters  are  raaidly  smoothed  out  and  the  emitter  tip  assumes  a  roughly 
hemispherical  form.  Further  heating  of  the  cathode  then  leads  to  a  gradual 
dulling  of  the  emitter  tips  at  a  time  rate  inversely  proportional  to  the  cube 
of  the  tip  radius.  Thus  tliere  is  preferential  migration  of  the  sharper  tip* 
and,  assuming  uniform  temperature  along  the  array,  the  variation  in  tip  radii 
among  the  various  needles  decreas.'S  with  time;  by  adjusting  the  heating 
temperature  and  heating  tijne,  it  is  j>ossiblc  to  achieve  fairly  uniform  and 
preselected,  values  of  tip  radii  and  therefore  of  operating  control  grid 
voltages.  However,  in  order  to  be  fully  effective  this  method  requires 
uniform  temperature  and  <'one  angle  for  all  the  needles,  a  condition  which  is 
difficult  to  achieve  for  call. odes  containing  a  very  large  nunber  of  needles. 

Thus  an  alternate  procedure  has  been  sought  which  would  uniformize 
the  field  at  various  emitter  tips.  I  ho  use  of  the  field  evaporation  process, 
in  which  application  of  a  high  el«,-ct ros tat ic  stress  causes  surface  atoms  to 
evaporate  at  a  rate  which  is  highly  field  dependent,  seems  to  provide  such  a 
procedure.  In  the  case  of  a  cold  tungsten  cathode,  the  required  field  is 
extremely  high  and  tlie  procedure  would  be  impractical  because  of  the  very 
high  voltages  which  would  then  be  reqtiircd.  However,  by  a  combination  of 
heating,  thermal  migration  and  field  evaporation  techniques  it  appears 
possible  to  reduce  the  required  voltage  and  to  achieve  relatively  uniform 
emission  from  the  various  emitters  of  a  multiple -needle  cathode,  despite 
possible  variations  in  emitter  cone  angle  and  in  tip  temperature  tluring  the 
process.  The  technique  also  has  the  advantage  of  yielding  uniforjn  emission 
even  with  sharp  tips,  as  required  for  low  voltage  emission.  Furthern’ore, 
one  can,  by  choice  of  the  applied  voltage  during  treatment,  pre-determine 
the  operating  grid  voltage  for  the  processed  cathode. 

3 .  Conditioning  to  Improve  Voltage  Stand-off 

Field  emission  originating  at  microscopic  surface  protuberances  on 
negative  electrodes  is  .i  common  mechanism  leading  to  low  impedance 
voltage  breakdown  in  vacuum,  liic  conditioning  procedure  used  was  aimed 
at  improving  vidtage  stand-off  characteristics  by  controlled  removal  by  a 
vacuum  arc  of  those  small  protuberances  which  may  be  present  on  low 
voltage  electrodes.  Based  in  part  on  detailed  studies  of  vacuum  arc  initiation 
at  this  laboratory,  ^  it  was  recognized  that  such  a  procedure,  to  be 
effective,  requires  ability  to  pass  a  substantial  current  to  initiate  the  arc, 
but  to  limit  very  carefully  the  energy  expended  in  the  arc  lest  splatter 
products  create  new  roughness  on  the  electrode.  For  this  purpose  a  10  foot 
section  of  RG  coaxial  cable  was  charged  to  successively  higher  voltages  up 
to  1  ?.0  kv,  and  di-scharged  s*-veral  times  a  second,  through  a  resistive  load 
about  three  times  the  characteristic  inipedance  of  the  cable,  by  means  of  a 
pressurized  spark  gap.  The  resultant  pulses,  which  reached  a  peak  voltage 
about  807o  of  the  dc  charging  voltage  and  were  less  than  0.01  microsecond 
in  length,  were  applied  between  the  plate  and  grid  structures  of  the  tube 
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being  processed.  The  four  type  4  switch  tubes  which  have  been  conditioned 
in  this  manner  to  date  iiave  subsequently  all  been  capable  of  withstanding 
application  of  75  i<v  dc  at  the  plate,  and  have  exhibited  a  field  emission 
leakage  current  from  the  grid  structures  of  only  a  few  microamperes  at  the 
75  kv  dc  gap  voltage.  Test  of  this  teclmique  at  still  higher  processing  voltages 
is  planned  in  the  near  future. 

IV  ELECTRICAL  PERFORMANCE  OF  F.XPERlMEr.fTAL  MODULES 

A.  El 0 c t  r ostatically  Suppressed  Tetrodes  (FEST  1  to  4) 

Substantial  progress  has  been  made  toward  development  of  tetrode  switch 
tube  modules  with  compact  multiple-needle  cathodes  to  produce  high  beam 
current  densities,  and  therefore  high  peak  current  and  power  capability  in 
a  very  small  structure.  The  general  objectives  of  this  work  have  been  to 
increase  beam  perveance  by  increasing  the  number  of  needles  and  improving 
cathode  tailoring,  and  to  reduce  internal  power  dissipation  by  achieving 
efficient  collection  of  the  beam  at  a  plate  voltage  welt  below  the  peak  grid 
voltage.  Apprcixi  mate' y  30  tubes  of  typos  t'EST  1  to  -1  were  built,  and  half 
of  these  tested  electrically.  The  main  tests  perfo^n^ed  were  the  following; 

1)  field  ernission  cathode  characteristics .  Tills  is  performed  by  measur¬ 
ing  the  dependence  on  peak  control  grid  voltage  V„  of  the  peak  field  emitted 
current  Typical  results  are  shown  in  Figure  1^,  whie'a  s.iow  liie  strongly 
positive  voltage  cut-off  typical  of  field  cathodes.  A  "Fowler-Nordheim'’  plot 
of  the  data,  in  the  form  log  vs  I/V,  yields  the  straight  lines  of  Figure  14; 
this  linearity  which  in  view  of  Eq.  (1)  constitutes  evidence  that  the  observed 
current  was  duo  to  stable  field  emission,  maintained  up  to  the  highest  current 
level  investigated  (Z6  amperes)  which  corresponds  to  a  beam  perveance  of 

9  pa/v^/^  (referred  to  the  peak  grid  voltage,  which  is  the  highest  electrode 
voltage  in  the  conducting  tube). 

2)  collection  efficiency  as  a  function  of  plate  voltage.  Typical  results 
for  the  electrostatically  suppressed  tetrodes  were  shown  in  Figure  9. 
Satisfactory  collection  efficiency  is  maintained  down  to  Vp  ”^0.5  Vg. 

3)  voltage  gain.  As  noted  earlier,  the  well  defined  edge  of  the  ficla 

omitted  beam  permits  use  of  a  narrow  grid  aperture,  so  that  the  cathode  is 
fairly  well  shielded  from  the  plate.  This  leads  to  a  relatively  high  voltage 
gain  p,  defined  as  the  ratio  of  the  changes  AVp  in  plate  voltage  and  in 

control  grid  voltage  which  produce  the  same  cliange  in  cathode  ctnission. 

Tube  lyjjcs  FES  T  3  and  4  exhibited  voltage  gams  in  tlie  range  40  to  60;  thus 
a  50  kv  variation  in  place  voltage,  upon  switching,  is  compensated  by  only 

1  kv  arlditional  change  in  grid  voltage. 


410 


iOVv.  {V  IN  VOLTS) 

Figure  14.  Fov.lcr-Norrihoini  curvo-^  ''or  !r,)rcs''ntaiivo  tubes  FEST  3-10 
.-i'ld  FEST  4-12, 


•1)  uutpat  power.  One  tyjx^  i**KSl‘*  1  :>v/itch  Lube  was  tested  with  the 
plate  connected  to  <t  high  voltage  NJI’ii  <Jc  supply  through  an  a])propriate 
resistive  fiiinulatcd  load.  Under  theie  conditions,  output  pulscB  of  approxi¬ 
mately  1  megawatt  (IS  ainjicres  and  6S  kv)  were  obtained.  The  pulae  wave¬ 
form  was  identical  to  t.iat  which  could  be  calculated  from  the  known  circuit 
capacitie.fa  and  tiine  cunstantb,  corresponding  to  ;»  rise  time  of  0.4  micro- 
kecunJa  Lu  90%  of  full  pulse  volt.'igc. 

’I'ablc  II  based  on  tin:  foregoing  lests,  illustrates  the  preoent  state  of  the 
art  for  l'MST--l  cx()criiiient.'il  field  cniissif-n  ti'.trocle  switch  tube*. 

'lAllL.ll  11  -  k' I '..‘>'1’ -  1  -  Slate  of  the  Art  Characteristics 


Ueaiii  off  coinl  lions: 
1‘latc  voltage 
Coni  rol  grid  Ijia:, 


i  7;>  kv 
i  5  kv 


Residual  caltnj'Je  cut  rent  (fot  the  al'ovc  voltage)  1  pa 

J.eakage  cut  ten',  from  grovttJtd  t.ijj-prcssor  gJid  to  plate  i  pa 
Switching  chat  .iclci  i*li<  s; 

Grid  switching  puleo  f  Ibkv 


Grid  switching  puleo  f  Ibkv 

I’lalc  cut  rent  lSan»j>.  jieak 

Oijljiul  voltap.c  pulse  (with  4,  300  olun  ])lale  load  used 

for  the  lest)  (iS  kv 

11.  M.ii/ictically  ■*)U[.'p/-c[-se.i  Triodf  <,  (  V  J’.ST -  S) 

Work  on  llicue  luhea  sl.^rtcd  recently.  Only  two  lubes  were  cvacu.xtcd, 
ainl  oiie  el e c I j  i'.all y  le.sted.  'I'he  liiniicdt  rc;<’;Ue  obtained  do  far  appear 
eiicou  I  aging:  iilir.t-high  v.icuuiu  c  t^nd  i  t  Ions  were  readily  achieved;  a  tub- 
blaiilial  cui  lent  (ttO  .ouperen)  v/as  rcathet!,  indicating  l.hc  fc.isibility  of 
clfectivc  j*io>  cuaing  of  calhudes  consivting  of  tL/ci»l  rnultipit  nm  tlle  arrays 
In  jmr.illel,  linilly,  the  tin'ignvt  ic  ouj)j>i  e  s  y  ion  rehemu  touted  catller  ni 
I iindci  .lie  curt  eni  (9.  *>  aiiij.),  was  found  to  roiiiain  effective  .U  much  high 
beam  cut  l  ent  and  cut  rent  density  levels. 


''he  initial  pliiisc  of  (hi*  U'ijrk  ti.'i*  ^  ^l4ib)i>j|icd  llir  uf  vialiig 

Il'ich  cui  iciil  (I'.-iioily’,  intiUiplc* net  (lie,  ftdd  c/nifiaion  tuld  cathode*  in  hi('h 
viiltaj;'-  l>c.iiii  hwitcliiii^  device*.  A  ii.it!kf.\et(ir  y  tlitiring  ul  tiic  r»iil»*lon 
Ijclwtcn  lilt:  iicrdlei  of  exteiiiiivc,  jt.ukcd  iinillijdo  ix  eiilo  celiiodet 

h.i*  ljci:fi  .i<lilrvcd.  and  rffrctlvc  of  «(tll  larj^nr  ceOiudn*  of  this  type 

;>j>pc<ir«  trchnicaily  fuaatble.  Ttie  good  ilefiuitioii  ul  tha  baatii  odgo  pcrinil* 
til  odol  :i  1 1  on  and  control  uf  ttie  Lcmii  Ly  non 'Intercepting  ut  ructvire  a,  allflviat- 
ing  grid  jiuwet  <11 » *  i  jm  '  ion  j<i  ol<l  etnfc.  Atid  iiluo  lead*  to  a  Idgli  voltage  i/ali) 
vvlitcti  i*  A  di-firdte  iidv.inl.ige  win-n  a  l*ige  ouli'ut  viiltagn  pijlae  ( •<  >leiirc<l. 
fifl'ei  tivc  Hojipreation  uf  sccuno.i  r  ic  *  at  llic  ]>latc  of  both  Ic'Lrudo  (electro' 
aliiiiLally  fciippi  e*Ki.'d)  and  tiiodc  (in.igiictit  ally  mipjir  i:  t  *  cd)  field  ctnlnpiun 
kwili.li  lijljcri  v/.i*  d‘:i  I  loiiiil  I  ated  at  jd.itc  v-dl.igr*  will  In. low  tin-  ]>cak  grid 
Vijlt.i|;c,  l'-iiding  tu  Im  teancil  hc.iiii  peivtanco  and  reduced  power  di  S  •i]>al  Ion 
at  llic  idate  uf  tlic  coiiductiiig  tuite.  )toiii  liic  Hiiiall  *i:cc  of  llic  control  grid  and 
the  dlrori  Kly  I'OBidvr  cul't  ff  vult.ige.  v'lilcli  follow  Itoin  the  use  <if  a  high 
dennily  field  «.  .'d lo'dr,  arc  f.ivoruhlc  Iron-  the  *t.ind]'oli,i  of  icducing  geld 

d;  I  VI,  powur  I  c'^ii  1 1  c  1 1 IV lit  *, 

\V  o  i  k  ilu  1  1  ng  111  c  Cuming  )''*'■>  will  bo  di  I  i‘Ct  vd  t  o  Wa  1  d  t  e  k  1 1  ng  at  high  A  f 
duty  factor  and  peak  current,  with  iiiiiiltnutii  objective*  uf  ICO  (tii'iprrcii  peak 
at  0,  (>0?  d'jly  f.i<  lor  eel  hy  Available  polkvi  •  oinj  lent  cijuijiMicnl.  Thu*, 

;  .n‘t)(vdai  -ttlc'iilnni  will  bv  given  to  le(  hnlc,il  pio'uloMir  a* »oi  lal'-d  with 
t!io  vo'.oirtici  ion,  jiroccianlng  tuid  ujieralioii  uf  niulti)>lo  niodtilc  Aateinbllea, 
to  (  ooling  tve hniq'ien,  and  to  matoilaln  aolcction  and  oiitgaaklng  procodtirc* 
wiiKli  iiiainlain  the  beat  |joh#i1i1c  cmivI ronment  at  average  powei  dIaBipiVtioti 
leval'i  wcdl  aho'vv  1  Kw.  'I'hv  diigrco:  uf  aucten#  of  llio  latter  will  determine 
v/licliier  jieiiodic  rc\ oiiditloiiing  uf  the  field  calhc>dc  aurfacc  by  a  brief 
l'.<  .iling,  wide),  v/vu  nut  found  noccsoai  y  in  Ibc  twltrli  lube*  tckled  no  far  but 
h  I -k  been  uked  kiift'  a.ifally  in  other  e>.j>eri»iifjntal  field  cnil'islon  device* 
o]i(;  r  .‘il  I  ng  in  a  poorer  env  li  onnicnl,  i*  looded  to  iivuid  iriUrkfd  long  term 
Vii  4'/.ii  lon.j  of  liic  V  vthodf  ei.iii.uioii  char.'ielc'rlBtlce, 
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111  bard-tube  iiiodulatorL,  large  banks  of  <.  >  rgy-  sloragr;  capacitors  are 
iiaually  required  to  riiaiiiiain  ibe  flatness  ai  tlu  top  of  ihe  output  pulses  that 
arc  appliitd  to  11  !■' anspl  ifier  k  .  'Ibis  nioasnre  i  l.ikcn  to  ininiinize  ihe  amount 
of  R 1-'  jihase  abi/t  in  the  output  KF  signals.  One  >f  prt.bleiTis  studied  at  the 
1..0ckheotl  Klcctronics  Company  was  ibe  develupi.; -nt  of  a  means  of  minimiz¬ 
ing  tin:  size  of  the  required  cajiacilor  hank.  Men  ion  of  this  work  was  made 
in  a  ret  cut  jiaper.  *  Two  methods  of  achieving  tlie  design  objective  were 
developed  ami  are  |>rescn'.ed  in  this  paper. 

Conventionally,  the  rtOnired  capacitance  can  be  computed  if  the  load 
livipcdatice,  inaxiniuin  pulse  duration,  and  allowable  voltage  dro<;>p  arc  known. 
I  he  method  of  coniputatioii  is  shown  in  Figure  1.  'I'hus,  for  a  lube  having  an 
impedance  oi  iOQO  ohms  and  operating  witli  an  allowable  voltage  droop  of  5 
liercent  during  a  2-iriill isceond  pulse,  the  capacity  is  computed  to  be: 


C  = 


19.  2  X  ?.  )c  10' 


2  X  10' 


19.  2  mfd 


li,  the  ajijilicalion  of  supe.T  powt;  r  I.lystroiri,  -am  voltages  of  90  -  120 
KV  art;  tominonly  used.  'I'ht;  size  requirements  and  cost  of  a  capacitor  bank 
rated  at  20  tnfd  at  120  KV  !,<  comes  ptohibitivt.l.y  high.  An  example  of  a  300- 
mfd,  35 -KV  capacitor  bank  is  shown  in  k  ignre  2.  It  was  jiresentcd  at  the 
last  symposium  by  Mr.  'f.  Y  ing.st,^- and  is  sliown  again  to  give  an  idea  of  the 
size  of  repi  efaentative  energy-storage  rai'/acilur  Isanks.  Re-arranging  this 
capacitor  bank  into  4  series  sections  of  7  5  mfU  at  35  KV  v/ould  provide  an 
]8.75-mfd  bank  at  1*10  KV. 


^’'Gen.-ratiori  of  Output  Pulses  Having  a  Continuously  Variable  Pulse  Width 
in  a  lane-Tyoc-  Modubifor,  "  V.  N.  Martinovilch,  Locldieeu  Electronics 
Co.,  Military  Syslenis  Division.  Prestuited  .?.l  tlu-  bixlh  Symposium  on 
Ilydiogeii  lliyratiuos  and  Modulxt or.s,  M.»y  1960,  USA.9RDL,  Fort 
Monrnoutli,  N.  J- 

2 

R..C.A.  Power  Tube  Division,  LaucafitcT,  Pa. 


The  Luna.r  Radar  Program  of  Sopo-mbvr,  IVoO,  indicated  a  requirement 
for  a  51-mfd  at  125-KV  capacitor  l.ai.k  if  i;o;-iV.  niioiial  tei  hniquc-s  were  em¬ 
ployed.  An  advanced  technique  was  '.herefore  proposed  for  the  L-iinar  Radar 
Program.  Graphically,  the  convention-'*!  hard  ’nhe  modvdalor  output  pulse 
represents  the  differential  between  the  t  r.ergy-storage  capacitor  voltage  and 
tlie  constant -voltage  tube  drop  through  the  series  sv/ilch  tube.  This  fact  is 
showi-,  in  Figure  3a. 

If  it  were  possible  to  decrease  tlie  plat<*  resistance  of  the  switching  tube 
with  time,  the  output  pulse  voltage  woialc  h:we  .1  smaller  droop  character¬ 
istic,  as  shown  in  Figure  3b-  In  order  to  maintain  the  droop  of  the  finat 
output  pulse  shown  in  Figure  3a  wliiie  using  half  the  original  capacitor  bank, 
the  configuration  of  Figure  3c  v.-as  employed  to  compensate  for  this  droop  by 
varying  the  plate  resistance  drop  of  ihe  switching  tube. 

Machlett  type  DP-llR  shielded-gr id  p-^lsed  iriodc.s  were  selected  as 
switching  tubes.  They  .arc  in  current  productii>n  and  arc  identified  as  Tube 
Type  ML-8040.  A  more  recent  lube,  th.e  DP- 15,  is  also  suitable  for  this 
application.  In  the  Lun.ir  Ra<l.ir  S-bai;d  iruusnutlcr,  which  required  51  mfd 
at  125  KV,  the  modulator  ouiput  voltage,  havicig  a  5  perccni  droop  applied  to 
the  klystron  cathodes  at  the  4  nd  of  1  nullisccond,  would  be  104.  5  KV,  as 
shown  in  Figure  4a.  For  a  con.stant  s'.vili  )i -tube  'irop  of  1  5  KV,  the  output 
voltage  across  the  capacitor  bani  wuubl  be  104.5  15  KV  -  119.5  KV,  with 

the  capacitor  voltage  decreasing  by  5.  5  KV. 

If  One-half  of  the  capacitors  were  removed,  the  output  voltage  droop  of 
the  capacitor  bank  would  double  to  1 1  KV .  However,  in  order  to  maintain 
the  same  5  percent  allowable  droop  at  the  output  of  the  inouulalor-lhat  is- 
110  KV  to  104,5  KV,  the  tube  voltage  drop  of  li.e  switching  tube  must  vary 
from  15  KV  to  9-  5  KV,  as  shown  in  Figure  4b. 

In  order  to  obtain  a  variation  in  tube  drop  from  )5  KV  to  9.5  KV,  the 
grid  driver  voltage  must  vary  from  1150  voll.s  to  1300  volts,  as  seen  from 
points  A  and  B,  rc3p*',ctivcly,  on  Figure  5.  For  the  operation  of  the  tube  at 
-1200  volts  bias,  a  driver  voltage  swing  of  from  2350  to  2500  volts  would  be 
required,  equal  to  a  lilt  cn  the  lop  of  the  driver  pulse  of  6.  18  percent.  This 
tilt  can  be  obt.'iincd  in  the  lower  power  stag-es  of  the  conventional  drivers  and 
amplified  by  the  main  output  driver  at  no  great  expense. 

The  limitations  of  this  technique  arc  grid  and  plate  dissipation  as  well  as 
the  possible  rcquiieinent  for  a  higher  voltage  power  supply. 

Figure  4c  shows  an  application  of  the  same  technique  in  the  proposed 
UHF  transmitter  for  the  L.unar  Radar,  wherein  the  capacitor  bank  siz,«;  was 
decreased  from  44  to  22  mfd  at  120  KV. 

The  technique  was  apiilied  in  the  {proposed  det-ign  for  the  M.  I.  T.  ”5-  MW 
Versatile  S-band  Transmitter'',  which  is  shuv/n  in  Figure  6.  In  this  applica¬ 
tion,  the  capacitor  bank  was  decreased  in  siiie  by  a  factor  of  five. 

The  generation  of  t rapt* zoidal -shapcfl  pulses  having  a  rising  voltage 
characteristic  was  required  recently  to  drive  a  hard-tube  modulator.  Size 
a.id  weight  ritquiremcnts  precludetl  the  use  of  the  conventional  cascade  of 
boot-strap,  hard-ti.be-  amiilifiers  nsu-illy  used  as  drivers. 
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The  circuit  shown  in  Figure  7,  incorporates  a  line-type  modulator.  The 
load  consists  of  the  gr id-lo-cathode  impedance  of  a  main  hard-tube  switch, 

V 2-  It  ir  shunted  by  a  series  circuit,  consisting  of  a  diode,  D,  a  variable 
resistance,  R2.  a  capacitance  C,  and  a  fixed  resistor  Rl,  which  is  much 
greater  than  the  grid-to-cathode  impedance  cf  V2. 

When  the  thyratron,  VI,  fires,  the  network  discharges  tJ;rough  the  load. 
As  the  positive  leading  edge  of  the  pulse  reaches  a  value  A  (see  the  output 
waveform)  exceeding  the  voltage  at  point  B,  the  capacitor,  C,  charges 
through  the  diode.  The  resulting  waveform,  when  applied  to  the  load,  will 
have  a  positive  ramp  voltage- 

The  point  of  initiating  the  rising  characteristic  is  controlled  by  adjusting 
the  setting  of  potentiometer  R3.  The  angler  of  tilt  is  controlled  by  varying 
the  value  of  R2.  Rl  must  be  large  enough  to  prevent  the  current  passing 
through  it  from  charging  the  Ciutput  capacitance  of  the  bias  supply. 

We,  in  the  Advanced  Techniques  Department  of  the  Lockheed  Electronics 
Company,  envisaged  a  non-dissipative  means  of  providing  pulse  droop  com¬ 
pensation.  This  plan  resulted  m  the  follou'ing  approach,  developed  and 
tested  in  our  high-voltage  laboratory. 

Figure  8  shows  a  pulse -forming  network,  which  is  substituted  for  a 
conventional  energy -storage  capacitor  bank.  Its  impedance  is  approximately 
one -tenth  the  load  impedance  of  the  klystron  The  equivalent  circuit  is 
similar  to  that  of  a  line -type  modulator  working  into  a  positively  mismatched 
load.  Hence,  the  beam  voltage,  at  the  time  of  modulating  anode -voltage 
switching,  is  equal  to  ten-clcvenths  of  the  network  voltage. 

An  isolating  choke  was  installed  in  the  circuit  to  isolate  the  network  from 
the  rectifiers.  This  technique  was  used  successfully  in  one  application 
v/herein  RCA  ceramic,  pulsed  tetrodes  were  used.  At  that  time,  a  slight 
increase  in  anode-pulse  rise  time  was  observed.  The  rise,  time  can  be 
optimized  by  adjusting  the  inductor  closest  to  the  load. 


Assume  a  maximum  pulse  duration  of  100  microseconds,  a  tube  imped¬ 
ance  of  1000  ohms,  and  a  plate  voltage  of  20  KV.  'then, ,  for  an  allowable 
droop  of  5  percent,  the  conventional  energy-storage  bank  is  computed  to  be: 


C  ^ 


20  X  100  X  10'^ 
1000 


20  mfd. 


If  a  delay  line  having  an  impedance  of  100  ohms  were  used,  its  total 
capacitance  would  be: 


C  = 


iOO  X  10 
2  X  100 


=  0.  5  nifd. 


The  pulse  voltage  applied  between  cathode  to  anode  of  the  tube  load  would 
be  20  KV,  and  the  power  supply  voltage  is: 


1  100 

iooo 


20,  000 


22  KV. 
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Thus,  fora  2-KT  increase  in  power-suppljr  voltage  and  hold-off  voltage 
capability  of  the  tube  load,  the  required  capacita.ice  of  ZO  nifd  at  20  KV  has 
been  decreased  to  0.5  nifd  at  22  KV.  Dividing  this  capacitance  by  25  indicates 
the  need  for  twenty  0.02-rnfd  pulse  capacitors.  These  particular  capacitors 
are  inexpensive  and  relatively  small  in  size  and  weight  by  comparison  to 
those  of  the  original  requirement  for  a  ni  ZC-KV  capacitor  bank.  Any 

ripple  on  top  of  the  pulse  can  be  opiiinized  by  adjusting  the  taps  on  the  net¬ 
work  inductor. 


"modulator  considerations  for  modulating  anode  beam 

TUBES  IN  BURST  MODE  RADARS” 
by 

E.  F.  Wtinburg  and  W.  A.  Vail 

Raytheon  Company'  -  Missile  &  Space  Division 


There  has  been  created  a  need  for  a  new  generation  of  high  power 
rada  -a  because  of  the  increased  necessity  far  tools  to  make  detailed 
studies  in  the  area  of  space  pltysics.  These  studies  .'cquire  radars  with 
long  range,  as  v/c-11  as  high  lange  resolution,  for  making  accurate  position, 
and  altitude  measurements.  In  addition,  high  data  rates  are  necessary  to 
get  detailed  velocity  information.  Gross  system  considerations  indicate 
that  some  variation  of  a  high  povjcr  pulse  radar  is  to  be  used  for  this 
task. 

In  general  for  long  rang  ;,  it  is  neccssaiy  to  use  lo.ng  pulses  as  a 
tradeoff  for  extremely  high  peak  power,  while  for  high  resolution  it  is 
necessary  to  have  short  pulse  Icngllis.  Thus,  the  two  requirements 
would  eecrn  to  have  a  basic  incompatibility.  One  method  of  le solving 
diis  tliat  is  being  explored  currently  is  to  break  a  long  pulse  up  into  a 
buret  of  sub-pulscs,  A  radar  employing  this  mode  of  operation  imposes 
some  unusual  and  stringent  requirements  on  the  modulator  stages.  It 
ie  the  objective  of  this  paper  to  examine  some  of  the  problems  created 
by  these  requirements. 

In  order  to  discuss  this  "Burst  Mode"  type  of  operation,  the  follov/ing 
definitions  are  made: 

Pulse  Burst  or  Burst:  Term  used  to  refer  to  a  complete 
complex  of  sub-pulscs  which  arc  annlagous  in  tliis  system 
to  a  single  pulse  in  a  conventional  radar. 

Sub-Pulse:  Pa  It  of  a  buisl,  the  individual  discrete  pulses 
of  energy  tliat  make  up  the  major  portion  of  a  burst.  There 
may  be  »nore  than  one  type  of  sub-pulse  in  a  single  burst  or 
there  may  be  varying  numbers  of  sub-pulses  in  successive 
bu  r Sts . 

Burst  Repetition  R  ite:  Number  of  bui  sto  per  second, 
annlagous  to  PRF. 

Burst  Interval:  Time  between  coiresponding  pointa  of 
successive  bursts. 
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Sub-Pulse  Spacingr  Time  between  ers'^  of  «»ne  stib-pnlse 
and  start  of  next  sccconulny  ciib-jmlEe  -  may  be  uniform 
or  non-uniform . 

A  typical  b'irst  waveform  is  illustrated  in  Figure  1- 

The  objective  of  breaking  a  single  pulse  into  a  series  of  sub-pulses 
is  to  gain  increased  range  resolution,  while  maintaining  the  long-range 
capability  of  the  long  pulse.  The  series  of  short  pulses  comprising  the 
burst  may  be  processed  in  the  receiver  after  detection  by  a  series  of 
very  short  range  gates  and  combined  in  a  pijst  detection  integrator  to 
give  a  form  of  pufso  compression.  Further  refinements  may  be  made 
by  using  a  series  of  filters  to  obtain  velocity  information  from  the 
doppler  frequency  stiifl.  The  above  by  no  means  explains  all  the  system 
possibilities,  however,  the  system  chosen  will  determine  the  detailed 
burst  cpecificH! 'ons  and  it  is  assumed  that  tliesc  are  defined. 

The  ctioice  of  tiie  RF  amplifier  to  be  used  as  the  output  tube  of  the 
transmitter  is  .aiso  priiudrily  governed  by  the  system  specifications. 
Tiicsc  v.'ill  determine  the  peak  and  average  power  objectives.  As  always, 
however,  in  radars  wiiero  optimnni  range  is  an  objective,  the  power  level 
will  most  likely  bo  deierniineil  by  availability  of  a  tube  in  the  band  of 
interest.  As  the  hurst  waveform  of  the  RF  envelope  would  be  determined 
from  the  system  cousidv  rations,  as  previously  discussed,  the  bandwidth 
required  of  the  lube  is  llius  defined.  The  selection  of  the  tube  and  the 
finalizing  of  the  system  specification  is  almost  always  a  compromise 
evolving  from  wtiat  the  system  attempts  to  do  and  what  an  available  tube 
can  do.  In  a  burst  mode  mdar  the  burst  repetition  rate  is  not  only 
determined  by  the  ratio  of  peak  to  average  power  capability  of  the  RF 
tube,  but  must  take  into  consideration  other  factors.  A  currently 
available  high  power  lube  capable  of  meeting  the  objective  requirement* 
and  already  designed  into  at  least  one  burst  mode  radar,  is  the  modu¬ 
lating  anode  type  klystron. 

A  list  of  specifications  for  an  available  typical  tube  are  as  follows: 


Gain 

30-36  db 

Efficiency 

30% 

Phase  pushing  figure. 

beam 

10°/% 

Phase  pushing  figure, 
anode 

mod . 

2°/% 

Amplitude  pushing  figure, 
beam 

6/?.%/% 

Arr'.;''’!'’de  pushing  figu 
mod.  anode 

re. 

3/2%/% 

Typic.al  operating  parainetcra  of  lliis  lube  are  as  follows: 


Mod.  anode  voltage 
Mod.  anode  current 
Input  capacitance 


U22 


30-'10  kv 
Z  amp* 
50-100  UUF 


v|r'  -  "'  '  .  .  .*  ^  '  -  •  »•''-■ 
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Th  a  burac  mode  radar  the  phase  and  amplitude  ra  rratfon  of  the  RF* 
output  pulse,  during  a  sub-pulse,  during  a  burst,  and  from  buret  to  burat 
should  be  held  to  a  minimum  or  at  least  to  within  the  limits  to  obtain 
desired  performance.  From  system  cotisidc ration,  exact  limits  on  both 
the  phase  and  amplitude  variations  may  be  established.  In  the  design  of 
an  entire  transmitter,  these  variations  must  be  divided  up  among  the 
various  parts  of  the  system.  An  assignment  of  the  allowable  phase  and 
amplitude  variations  which  may  be  caused  by  the  fiiisl  modulator  must  be 
made.  This  is  done  on  the  basis  of  examining  each  stage  of  the  trans¬ 
mitter  and  ailoting  ta  each  what  seems  to  he  an  equitable  share.  This 
usually  is  a  compromise. 

In  order  to  design  a  modulator  to  drive  the  modulating  anode  of  the 
final  klystron,  it  is  necessary  to  translate  the  above-mentioned  phase 
and  amplitude  variations  into  a  variation  in  voltage  of  the  pulse  from  the 
modulator.  These  variations  may  be  such  things  as  pulse  droop  or 
perturbatioi»s  on  the  top  of  the  pulse.  To  transfer  the  phase  and  amplitude 
variations  into  voltage  variation,  it  is  necessary  to  know  the  phase  push- 
i*^g  figure  of  the  klystron  modidating  anode  as  well  as  the  amplitude 
pushing  figure. 

To  compute  the  allowable  voltage  droop  from  the  pliase  consideration, 
disregarding  the  beam  voltage  droop,  one  needs  only  the  phase  pushing 
figure  O'  in  degrees  per  volt  and  the  allowable  phase  deviation  ^ 

The  allowable  droop  A  Via  given  by  A  V  =  A  f  (U 

a 

In  a  modulating  anode  klystron  the  beam  current  is  a  three-halves 
power  function  of  the  modulating  anode  voltage  E 


ma 


Ik  =  I*'  (E  ) 
b  m  ma' 


3/2 


where  is  the  effective  gun  perveance,  the  beam  power  is 
given  by 


Pb  ^  = 


E.  k  (E  ) 
b  m  ma' 


3/2 


(ii) 


(3) 


To  compute  allowable  voltage  variation  from  the  amplitude  variation 
criteria,  we  need  the  rate  of  change  of  beam  power  with  modulating  anode 
voltage.  This  assumes  a  constant  tube  efficiency  for  small  changes  in 
beam  current  so  that  a  change  in  R!'  output  power  is  directly  proportional 
to  a  change  in  beam  power. 


‘'Pb  1 

=  3/2 

E.  k  (E 
b  m  '  ma 

(‘i) 

=  3/2 

p- 

^ma 

(5) 

^  3/2 

d  Ema 

(6) 

^  ma 

A 

=  3/2 

^  ^ma 

(V) 

^b 

^ma 

X’ 


•M 


^24 


If  the  allowable  amplitude  variation  jivcii  in  percent.  It  is 

readily  seen  that  tl'.e  allov/.ahle  voltace  variation  A  hT  in  percent  is 
given  by 


A  E 


ma% 


2/3  A 


(8) 


With  these  expressions  the  allowalde  voltage  droop  on  top  of  the 
modulator  pulse  may  be  calculated.  These  exprc.ssions  may  be  used  to 
compute  the  allowable  voltage  droop  across  either  a  sub-pulse,  an  entire 
burst,  or  a  series  of  bursts. 


It  should  be  noted  that  whichever  criteria  (phase  or  amplitude)  allows 
the  least  droop,  will  be  the  one  which  deter.mines  the  modulator  design. 

In  a  typical  burst  mode  rad<ir,  the  allowable  voltage  droop  across  a 
burst  is  on  the  order  of  one  percent. 

The  burst  mode  waveform  defined  by  syst<?m  considerations  would  be 
in  terms  of  the  RF  envelope.  A  typical  rise  lin»e  and  fall  time  of  an  RF 
pulse  desired  in  this  type  radar  would,  given  the  parameters  of  the 
typical  tube,  be  beyond  the  state-of-the-art  if  it  were  to  be  accomplished 
by  switching  the  klystron.  If  this  were  pos.sib’c,  we  would  have  an  ideal 
utilization  of  the  tube.  There  are  now  tcch.niquc  s ,  hov/c-ver,  such  as 
cascade  varactor  switches  which  will  switch  the  RF  this  fast  at  a  low  power 
level  in  the  chain.  This  technique  allows  the  klystron  to  be  turned  on  and 
come  to  full  beam  power  before  the  RF  dri\e  is  turned  on  ?.nd  also  allows 
the  RF  drive  and  the  klystron  to  be  switched  off  in  sequence,  (Figure  2) 

As  the  beam  power  of  the  klystron  is  lini'tod,  the  ratic  of  beam  power 
during  RF  on-time  and  total  effective  beam  power  becomes  extremely 
significant  and  is  defined  as  the  waveform  utilization  factor.  The  effec¬ 
tive  beam  on-time  due  to  the  rise  time  of  the  video  pulse  is  defined  as 
the  time  duration  of  a  square  pulse  wliich  would  cause  an  equivalent  beam 
power  dissipation  in  the  klystron  as  that  v/hich  is  actually  produced  by  the 
rise  time  portion  of  the  video.  A  similar  definition  can  be  made  for  the 
fall  time.  This  must  take  into  accovn:  the  fact  that  the  klystion  beam 
current  follows  a  three-halves  power  lav,  for  tlie  modulator  anode  voltage. 
The  total  effective  beam-on  time  Te  is  the  bum  of  the  effective  riae  time, 
the  effective  fall  time,  and  the  RF  beam-on  time  t  . 

P 

In  Appendix  I,Te  is*  derived  assuming  the  rise  and  fall  times  are  full 
exponentials,  five  time  consfanls  long.  The  result  is 


T 

e 


.  7  T  +  T  +  .  13  T 
^  9 


The  analysis  in  Appendix  I  is  simplified  by  the  fact  that  in  this  type 
tube  the  beam  voltage  remains  relaiivcly  constant,  the  beam  current  is 
determined  by  the  modulating  anode  voltage,  and  the  modulating  anode 
prcscrite  a  relatively  high  impedance  to  tlie  modulator  during  the  pulte. 


The  waveform  utilization  factor  is  largely  dependent  on  the  ability  of 
the  modulator  to  switch  the  klystron  wuh  video  pulsce  of  short  rise  and 
fall  times.  It  s'nould  be  noted  that  realizable  rise  and  fall  times  of 
practical  modulators  for  this  type  tube  may  have  an  effective  bcam-on 
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FIG  2 


time  wFiich  is  equal  to  or  '•  ■■  fh»-  h^•7^^rl  on-time  of  sub- 

pulac  coinponenta  in  win.  'i  .<  * pioHijrcd.  .’he  prohlem 

in  fiirllicr  compoiiiiclvd  by  iK<  .  .>  _lal  number  of  &ab-pal3C3  per 

O'. toiid  can  be  laigo. 

It  is  inforrnat've  to  see  ihe  ctfect  upon  waveform  utilization  factor  of 
various  rise  and  fall  timeo  for  a  ;.liori  dur.itioi:  i>ub-i)ulsc  (RF  on  lime). 

'1 .  r  .-  ffective  bc-a;n-Ofi  limec  ar<  evabialed  and  the  waveform  utilization 
factor  romputed  for  vario'uj  i.iiio..  of  jise  and  fall  times  to  IbF  beam-on 
ti-me*.  T’j.e  reiiulia  ire  tnnde  einplsat.ii;  v.licn  waveform  utilization  factor 
it  [il'jKed  ;.;;.'ii  i(  (hi:,  i.iiio  in  Iifpiia*  1.  Wlicn  it  i  fa  realizcfi  tl;<;  waveform 
u’ilir.atioi  factor  <■  b <•-  nt i.iTly  indi<  a'.c«  tuc  projjortion  of  the  total  beam 
p'''vcf  aduch  III  act-ii  tly  iiStFul  in  proilucin^j  IM"  during  each  s\ib'pul»c,  the 
;  Uaii'a,;.'  cf  v.de.j  r.  •.  and  fall  tm  ca  i  obvious. 

r  0  i  iiit'J  III);  h'.o  been  fa.iiJ  sijoul  t'f.e  t'jLos  inherent  efficiency  in 
:  ..II  VC  It  1  ng  bc.'iic.  pu\ver  'iito  Ul’  ciii*i;;y.  lii  'he  t'/j)ical  tube  the  efficiency 
i  B  Bji.'i  ifici  :i  H  JC  pi  1 «  -t .  In  II  i'j  le'.ie,  il  .ill  the  beam  power  could  be 
nmd  tu  p:  ■nhu  I'.l''  p'.v  cr.  the  Ivn.cal  i  '.bir  could  ibeori-tically  work  at  ,009 
U.-  <!'  I';  f.i'.lur  .  il.i've'.i  r.  if  srpnilic.  ul  jioition  of  llie  beam  power  is 
used  ilufiii,;  the  ii'c.<  'i  ,  tube  ia  b--.nj,  I  liucci  on  and  off,  as  indicated  by 
the  u.ivcfuia  ut.li/.4  uiii  f.i<  tor,  it  e  l-M'  duty  capability  will  be  rediiccd  by 
thin  f.u  tor.  'I  'ill.  w  i.'iil  <  ffi.-.tivi-i  /  ici'c.C'.-  the  efficiency  of  the  klystron 
•  tiipc  .;lut.  tlic  lie  f-iiv'  i  .  It  al'i)  nie.infi  that  because  of  the  limit  on 
lube  aveiapc  be.'iin  u  .>  er,  this  c  1  ■  a  t  i.  mual  be  made  to  determine  the 
aclvti.l  111''  d'.t'.)'  I’l.i,  the  lube  c«in  \.orc  a*,  in  any  [jiven  situation. 

If  a  vidar  uu  d  the-  above  lube,  wiili  ..  ratio  of  4  to  1  and  a  modulator 
with  a  w.a  VC  fc  I  I II  .iliii/.aliuu  f.»c'.or  of  .’/.b,  liie  »<!•  duty  would  be  rcducctd 
to  .00225,  '1  Ir  ,  Would  also  have  t.ie  .*i/cc'  c.f  reducing  the  effective  'a.-ige 

cfficiciicy  i/>  a  factor  of  4, 

Ah  iI  e  KF  nub- p'lli'e  com|)ori*  nt ri  of  t  ic  t-'.irM  beteme  long?/  relaliv- 
to  til.;  vid  ■>  ribc  .nid  tali  time,  the  wavel  'tin  utilizal'.on  fr.ctor  bvco'-.cs 
lt'»n  iiigi.ii  ica.i'  .  'I'.iolc  1  iiI"..W3  v,;  r  i.i '  ion  i  o  t!i  u  with  Jiffe  ret  t  It’,  beam- 
on  limeu  for  a  ,  •!  inic  luiiiecoti-.l  n  so  .'md  ,'’al,  tim  ;  pel.'a'.  This  'a  plottttd 
in  1  ip.  i  rc  4  , 

A '1  no  It  burnt  u.oilc  r.acl.u  j  will  Imve  a  in  rtirc  of  suh-pulaes  where 
ill'.'  iiui  ,be.'  of  aliori  Hr'  p'll'.oa  '.’•■ill  pr  ;do.' 1 1  ii.i  t  o  t.  id  the  .uii'ber  of  long 
Hi-'  p'l’ucu  ■rt'ill  hi  limit'  d,  tlie  short  pulics  v-ill  dc  'i.iate  the  inodjlator 
dch.jMi  con '•id.;  j  ,iti  ;)i;  3  .  'J.f.:  di.sifjTi  v;i'l  ii.iv;  to  lake  into  account  the 

Wi'Vi  loi'iii  iitili/ ulion  factor  lor  each  pulse  Ic.iglh.  "I'lic  dcs'gn  objective 
,iiodulal'..»r  riue  and  fall  liiiic,  v.bic-)i  i.an  b';  acli;cv.;d  practically,  mu  at  be 
(..etc  I  III  iiioil .  1  be  olfvu.tive  rii.c  a-nl  (all  limc’H  fci  ea:h  ettinponent  in  the 

h"  1  'I  cm  he  1.  .1  Icni.ii  eu  and  iiic  w.c.-cfiim  u '  i  i  I  z.  d  1 1  011  lactc.r  fo  I  the  whole 
but,',!  c.in  be  doi  i'-ud  by  .i  Idiiig  the  lotvl  off  .'ctivc  besiii-on  time  components 
aii.l  l.ikiu);  111.'!  iii;c'ji)3.i  r'/  r.itio.  I  be  ii.axin  inn  j'c.Hsjblc  burst  repetition 
vntij  '..111  now  In;  lieli.  1  iir.nc'.l  by  exai.ii!  iiig  I  le  .ubo  flj'e'.'i  f  it  a  t  ion »  and 
pa  i  am  :li' i  H  .  Agiin,  it  b.'ij  buci  ..stein  d  ibi’vc  '.nat  t’/stcin  coiioidcra- 
I'uiia  I'.ii'c-  (li'l.;!  7  iiitni  d  the  l>'ti  si  nn'l  '-  i]>.  1\  io  .also  ob'/ioufa  that  other 

di  oi^ui  'll'. 'll  ci.i'.a  Hill/  oe  iht  ul.irlin;  >'  'ni  ii  :1  ili.ii  .iiany  cotnpronii oe 8 
may  have  to  'ui-  lutid.'  to  .irb.c'.o  a  !;r  .1  Ci  oigii. 


WAVEFORM  UTILIZATION  FACTOR 


FIG.  3 
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RATIO  OF  RISE  AND  FALL  TO  RF  BEAM-ON  TIME 
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RF  BEAM-ON  TIME  JO-  SEC. 
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Once  the  system  and  beam  lube  con^iide rations  have  been  evaluated  and 
the  necessary  video  waveform  on  the  rooiJulatiiifj  anode  has  been  defined,  a 
review  of  the  characteristics  of  ‘he  vario'.is  modulator  types  must  be  made 
to  determine  their  suitability  in  the  application. 

The  line-type  modulator  employing  a  gas  tube  as  a  switch  has  the 
necessary  rise  and  fall  time  capabilities  and  can  be  made  to  produce  the 
short  pulses.  Hbwever,  at  the  present  time,  the  recovery  time  of  avail¬ 
able  gas  tubes  is  in  the  Older  of  50  to  100  microseconds.  As  the  burst 
mode  type  of  operation  may'  require  a  recovery  time  as  low  as  5  micro¬ 
seconds,  gas  tubes  are  ruled  out  unless  it  is  possible  to  employ  multiple 
gas  tube  switches  and  sequence  their  firing.  The  usual  practice  of  using 
low-voltage,  high-current  gas  tubes  with  a  pulse  t ransfo rmer  also  seems 
to  have  disadvantages  inherent  in  the  use  of  the  transformer,  that  is, 
degradation  of  pulse  rise  and  fall  times  and  of  pulse  shape.  This  last  is 
not  insurmountable  but  the  gas  tube  recovery  time  problem  is  most  diffi-  v 

cult  to  overcome  and  would  seem  to  prohibit  their  use  without  extreme 
complications.  A  line-type  modulator  using  hard  tubes  as  switches  offers 
some  possibilities,  hov/ever,  the  pulse  forming  network  is  a  device 
limited  to  a  single  pulsev.idth,  and  unless  the  additional  circuit  complexity 
of  high-speed  switching  of  pulse  forming  networks  is  to  be  tolerated,  these 
are  ruled  out  for  bursts  wiih  sub-pulses  of  different  time  durations.  A 
further  possible  problem  of  line  modulators  is  that  of  perturbations  on  the 
top  of  the  pulse  which  might  exceed  the  video  voltage  limitations  imposed 
by  the  phase  and  amplitude  pushing  figures  of  the  klystron  modulating 
anode . 

The  above  discussion  is  not  an  attcmipt  to  review  all  the  advantages 
and  disadvantages  of  line  modvilators  but  only  an  attempt  to  point  out  those 
features  that  appear  to  determine  the  impracticality  of  their  use  in  burst 
mode  radars. 

The  use  of  a  hard  lube  switch  as  a  modulator  has  the  advantage  of 
flexibility  in  terms  of  pulse  lengths,  rise  times,  time  between  sub-pulses, 
and  accommot  ‘ban  of  sub-pulses  of  various  lengths  within  a  burst.  The 
problem,  of  co<  ,e,  is  to  find  a  switch  tihe  cajiablc  of  switching  the  high 
voltage  requires  {in  this  case  40  kv)  and  able  to  pass  the  peak  current 
necessary  to  charge  the  input  capacitance  of  the  klystron  and  the  circuit 
capacitance  to  achieve  the  desired  rise  times.  Other  limiting  factors  are 
the  plate  dissipation  and  (quite  importanl)  the  grid  dissipation  of  the  tube. 

In  investigating  the  switch  lubes  now  available,  it  was  found  that  at  the 
duty  factors  at  which  the  pr.actica!  modulator  could  be  operated  as 
explained  before,  if  these  tubes  were  driven  into  the  non-linear  region  of 
their  const  int  grid  voltage  curves  (high  peak  plate  currents  or  bottoming) 
that  their  maximum  grid  dissipation  would  be  exceeded,  'this  interestingly 
enough  is  true  for  most  of  the  switch  lubes  examined  for  a  hard  tube  modu¬ 
lator  stage  regardless  of  the  power  levels.  To  achieve  fast  rise  and  fall 
times  with  hard  tube  modulators,  it  is  necessary  to  go  to  essentially  low 
impedance  circuits.  These  circuits  are  b'/  nature  inefficient.  Large 
amounts  of  power  are  used  by  a  modulator  supplying  a  modulating  anode 
vd.ich  in  terms  of  power  requires  only  a  small  drive.  These  last  are 
disadvantages  certainly,  but  they  are  not  irnposaible  restraints  on  the  use 
of  hard  switch  tubes,  A  possible  circuit  configuration  is  shown  in 
Figu  re  5 , 
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TYPICAL  KLYSTON  AND  MODULATOR 


It  may  be  concluded  that  a  burst  mode  radar  modulator  v/ill  be 
required  to  generate  a  multiplicity  of  waveforms  and  that  in  order  to  make 
maximum  use  of  tube  capability  and  power,  the  video  pulse  shapes  mast 
include  very'  fast  rise  and  fall  limes.  Further,  the  brief  investigation  we 
have  made  would  indicate  that  satisfaction  of  these  requirements  can  best 
be  achieved  at  present  through  the  use  of  hard  lube  switches  in  very  low 
impedance  circuitry  to  drive  the  modulating  anode  of  a  high  power  klystron 
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Derivation  of  effective  pulacwidth  for  beam  current  or  beam  power 
earn  voltage  constant), 

instantaneous  beam  cutvent 

final  peak  value  of  beam  current 

iiistantaneous  valae  of  mod.  anode  voltage 

F  final  peak  mod.  anode  voltage 

k^  effective  perveance  -  equation  (1) 

T  ^  effective  pulsewidth 

T  ^  mod.  anode  circuit  time  constant  =  RC 

T  rise  time  =  5  t 
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THE  HIGH  SPEED  PROfECTION  OF  MICROWAVE  TUBES  AND  SYSTEMS 

by 

Albert  J.  Morris  and  Joseph  P.  Swanson 
RADIAITON  at  Stanford 


INTRODUCTION 

The  Increase  In  power  levels  and  energy  densities  in  both  pulse  and  cw 
systems  has  forced  the  microwave  system  designer  to  resort  to  high  speed 
protection  techniques  formerly  required  only  in  systems  utilizing  relatively 
close  spaced  trlodes  and  tetrodes.^  »2,3  Unfortunately,  the  problem  Is  fre¬ 
quently  complicated  by  the  very  high  voltages  at  which  some  microwave  tubes 
operate.  The  use  of  thyratrons  and  Ignitrons  us  "fault  diverters"  or  "crow¬ 
bars"  has  had  to  be  supplemented  by  spark  gaps  for  systems  operating  typi¬ 
cally  in  the  30  kv-400  kv  range. High  speed  protection  is  defined  as 
diverting  the  energy  so  that  It  is  dissipated  in  the  crov/bar  loop  rather  than  in 
the  load  In  times  of  the  order  of  a  few  microseconds.  For  the  ourpose  of  this 
paper  the  lead  Is  defined  as  the  microwave  tube  to  be  protected. 

In  order  to  better  define  the  nature  of  the  problem  and  why  high  speed 
protection  is  necessary,  refer  to  Flguie  i.  liiis  figure  shows  results  of  an 
experiment  In  which  energies  ranging  from  5  joules  to  1000  Joules  were  dis¬ 
charged  Into  a  piece  of  aluminum  foil  2  mils  thick.  In  the  experiment  a 
known  amount  of  capacity  was  charged  to  a  known  voltage  through  a  very 
large  resistance.  The  capacitor  had  placed  across  It  a  spark  gap,  one  side 
of  which  was  the  foil  under  test.  The  voltage  was  then  raised  until  the  spark 
gap  fired  over,  dumping  the  energy  of  the  capacitor  into  the  foil  and  also  Into 
the  gap.  No  attempt  hag  been  made  to  measure  how  much  of  the  energy  stored 
In  the  capacitor  was  dissipated  In  the  gap  Itself.  The  primary  purpose  of  this 
figure  is  to  demonstrate  the  order  of  magnitude  of  damage  at  atmospheric 
pressures  done  f  y  various  energy  levels  of  Interest  In  microwave  systems. 
There  is  no  reason  to  believe  that  equivalent  damage  inside  a  vacuum  should 
not  be  expected.  In  fact,  tliere  is  much  experlruental  evidence  to  indicate 
that  this  type  of  damage  has.  In  fact,  happened  In  microwave  lubes  and  that 
steps  must  be  taken  to  avoid  It. 

In  the  course  of  irotectlng  a  load  at  microsecond  rates,  one  Imposes 
very  significant  transients  on  the  system  which  is  connected  to  the  load. 

For  this  reason  it  Is  essential  that  a  crowbar  system  design  must  be  an  "Inte¬ 
grated"  design,  and  that  careful  attention  be  paid  to  protecting  not  only  the 
load  but  the  equipment  as  well,  These  two  major  areas  of  protection 

are  treated  In  this  paper. 
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Destruction  of  the  load  can  occur  due  to  faufts  in  the  load,  due  to  faults 
In  the  r-f  transmission  system  connected  to  the  load  ,  or  due  to  faults  in 
equipment  associated  with  the  load.  Prevention  of  destruction  from  all  of 
these  causes  is  treated  in  detail.  All  typical  systems,  both  pulse  and  cw, 
are  considered  and  the  special  problems  and  characteristics  of  each  are  dis¬ 
cussed.  In  particular,  the  question  of  "when  do  we  crowbar"  receives  con¬ 
siderable  attention.  Daslc  design  criteria  for  crowbar  systems,  including  a 
derivation  of  crowbar  effectiveness  as  a  function  of  crowbar  and  system  pa¬ 
rameters  are  presented.  Finally,  a  standard  test  method  which  has  been  used 
successfully  in  the  field  is  delineated,. 


WHEN  DT)  WE  CROWBAR? 


The  question  of  "when  do  we  crovrbar"  is  a  dilemma  for  every  system 
designer.  The  criteria  discussed  here  will  cover  by  for  most  cases  and 
should  provide  a  rational  basis  for  decision^  Final  decision  as  to  which  of 
the  potential  problems  outlined  should  be  protected  against  will  depend  large¬ 
ly  on  the  customer,  the  designer,  the  funds  available,  the  specific  system 
application,  recommendations  of  the  tube  manufacturers,  etc. 


a.  Tran smt sslon  Line  Faults: 


In  pov/cr  amplifier  systems  an  arc  In  the  output  r-f  transmission 
line  or  excess  reflected  pov/er  can  destroy  the  load.  The  mechanism  can  bo 
dielectric  breakdown  of  the  output  window  due  to  excess  electric  field,  burn¬ 
ing  at  tha  window  due  to  an  arc  propagating  back  to  the  tube,  or  mechanical 
destruction  of  the  window  due  to  the  shock  wave  created  by  the  initiation  of 
arc  breakdown.  In  all  of  these  cases  destruction  can  be  prevented  by  turn¬ 
ing  off  the  r-f  drive  to  the  load  in  under  a  few  microseconds.  Techniques  for 
doing  this  are  well  developed.  Waveguide  arcs  are  detected  typically  by 
photosensitive  solid  state  diodes  placed  in  the  transmission  system  as  close 
to  the  output  window  as  possible.  They  should  be  positioned  so  that  they  can 
"see"  an  arc  over  the  widest  possible  angle  and  yet  they  must  be  positioned 
out  of  the  main  power  transmission  path  so  that  they  do  not  Jn  themselves 
initiate  an  arc.  High  reflected  power  is  sensed  by  reflected  power  direction¬ 
al  couplers  placed  as  close  as  possible  to  the  tube.  The  cr>'stal  output  of 
these  is  used  to  drive  a  fast  i-f  shut-off  circuit.  Redundant  couplers  are 
often  used  to  ensure  oimratlonal  reliability.  The  cost  of  rcdundanc*/ may  be 
cheap  compared  to  the  cost  of  a  new  load  lube.  The  time  scale  for  trans¬ 
mission  line  fault  protection  is  Important  to  pin  down.  High  reflected  power 
will  result  in  an  excess  field  at  the  load  window  at  the  speed  of  light  in  the 
transmission  line.  In  this  case,  breakdown  across  the  surface  of  the  v/lndow 
will  occur  In  a  time  equal  to  the  formative  time  delay  of  llio  gas  In  the  trans¬ 
mission  line  and  this  will  be  a  function  of  the  gas,  the  pressure  and  the  elec- 
'  trie  field  present.  Fractions  of  a  microsecond  to  microseconds  may  be 
Invi^lved.  The  damage  done  win  be  proportional  to  the  energy  available. 
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The  window  itself  may  be  overstressod  even  it  no  surface  breakdown  occurs. 

Tn  tfiis  case,  if  tlie  window  ciacks,  v/e'vc  had  it.  When  an  arc  occurs  the 
pressure  wave  moves  at  the  speed  of  soujicl  in  tiie  line.  Since  this  is  slow 
compared  to  microseconds  the  pressure  in  tlie  v/ave  is  proportional  to  the 
energy  in  the  arc.  Once  the  pres.sure  wave  is  launched  there  is  no  v/ay  to 
stop  it,  v/e  can  only  limit  its  pressure  by  ifunimi?ing  the  energy  fed  into  the 
arc.  Tlie  arc  itself  stops  the  instant  wo  shut  off  r-f  drive.  Its  oropagation 
time  is  highly  variable,  ceitainly  slower  titan  the  speed  of  light  but  some¬ 
times  fasterancl  sometimes  slov/er  tlian  the  sneed  of  sound. 

If  the  load  tube  is  an  oscillator  and  there  is  a  transmission  line  fault, 
then  there  is  no  way  to  turn  tlie  r-f  oii  t  i.s'.  and  crov/lioiring  may  be  neces¬ 
sary. 

Tlie  energy  levels  of  concern  in  r-f  transmission  line  oroblems  are  always 
much  less  than  the  system  .stored  energy  in  pulsed  systems.  Even  so,  these 
r-f  energy  levels  can  be  quite  high.  For  example,  the  energy  per  pulse  in 
the  Cornoll-Arecibo  Radar  Transmitter  can  be  2S,000  joules.  In  the  super¬ 
power  tube  program  similar  energies  are  involved.  It  is  likely  in  pulsed 
systems  that  energies/pulse  exceeding  50  joules  can  give  trouble  v/ith  ener¬ 
gy  density  being  a  key  criterion.  A  SO  Joule  arc  in  X-band  waveguide  can  be 
much  snore  harmful  than  the  equivalent  energy  arc  in  WR2100  guide. 

C\V  systems  can  continue  to  feed  a  transmission  line  arc  until  something 
burns  up  since  system  power  supply  overload  circuitry  can’t  tell  when  an  arc 
occurs.  If  a  transmission  line  arc  occurs  in  a  c.v  system  it  must  he  stopped 
quickly--the  actual  time  again  being  dependent  on  the  energy  density  Invol¬ 
ved.  In  1'^'"  energy  density  systems  10-100  milliseconds  shutdown  time  may 
be  fast  enough.  This  Is  typically  achieved  by  the  output  of  a  crystal  oi  photo¬ 
cell  driving  a  microammoter  meter  relay  tied  into  the  main  Interlock  chain  or 
r-f  drive  chain. 


Since  most  modern  systems  u.se  pov/er  amplifiers  instead  of  oscillators 
In  the  high  power  stages  v/e  Jiave  essentially  eliminated  r-f  faults  as  typical 
inputs  :o  our  crowbar  logic  sensing  circuits, 

b.  Load  Faults: 


This  leads  us  to  consider  faults  v/Iiich  occur  In  the  load.  Our  load 
can  be  the  equlvalcrit  of  a  dlc^c  such  as  ciLucr  a  xiystion  oi  rWT  vvitnout  u 
grid  or  modulating  anode  or  a  device  such  as  a  magnetron  or  an  amolitron. 

Or,  it  can  be  a  klystron  or  TV/f  or  crosscd-tield  device  witfi  one  or  more 
gri'ls  or  a  modulating  anode.  Indejjcndcnl  of  v/’uol  the  nature  of  the  load  Is, 
if  a  pov/cr  a:c  occurs  betv/een  cathode  and  ground  crowbarring  is  essential 
1:  the  '  r.c-rgy  availui>!e  to  be  dumped  into  the  arc  is  high  enough.  The  ques¬ 
tion  of  wfuat  is  "high  enough"  is  not  an  easy  one  to  answer.  It  v/ould  be  nice 
If  the  tube  manufacturers  could  toll  us  btjt  they  can’t,  Perfiaps  referring  back 
to  the  ijciuvige  data  previously  discussed  can  help  give  guidance.  As  an 
opinion,  allowing  energies  in  excess  of  50  joulr.-s  to  go  into  an  arc  in  a 


microwave  tube  is  unduly  risky.  What  Llie  lower  limit  should  bo  can  at  pre¬ 
sent  only  be  dcternuned  by  the  specific  system  situation  involved. 

If  the  load  has  a  grid  oi  focus  electrode  or  some  equivalent  electrode 
close  to  cathode  potential,  the  arc  will  always  occur  between  ground  and 
this  electrode.  If  the  electrode  is  not  tied  to  the  cath'xle  by  a  low  voltage 
spark  gap  or  other  device  which  prevents  it  from  going  to  ground  potential, 
then  even  though  you  crowbar,  you  may  destroy  the  insulation  between  grid 
and  cathode,  introduction  of  a  grid  never  eliminates  the  need  for  crowbar- 
ring,  it  always  Iiioreascs  the  need  (discussed  later)  and  requires  additional 
protection  mearTS". 

What  about  modulating  anodes?  In  tubes  with  unity  mod-anode  gain  the 
mod-anode  intercept  current  is  of  the  order  of  0,1%.  Typically,  then  in  cw 
systems,  the  mod-anode  is  tied  to  ground  through  a  large  resistor.  For 
example,  in  a  20  kw  tube  running  at  4  amps  beam  current  v;e  could  put  100  K 
ohms  from  mod -a  node  to  ground  asid  only  develop  400  volts  of  bias  in  normal 
operation.  If  the  tube  arcs,  the  arc  will  always  goto  the  mod-anode.  This 
large  resistor  not  only  limits  the  arc  current  but  also  brings  the  moc-anode  to' 
cathode  potential  v.hich  tends  to  cut  the  tube  off.  While  there  is  then  resi¬ 
dual  voltage  between  mod -anode  and  ground,  we  have  inhibited  the  formation 
of  a  power  arc  to  ground.  If  the  mod-anode  is  biased  at  some  potential 
intermediate  between  cathode  and  anodi.  then  the  intercept  c.  rrent  goes  up, 
the  size  of  the  series  resistor  must  go  down,  and  we  have  a  higher  proba¬ 
bility  of  a  power  arc  to  ground.  Wc  can  conclude  that  mod-anodes  In  cw 
tubes  reduce  the  probability  of  power  arcs  but  don't  necessarily  prevent  them 
completely. 

In  pulse  tubes  with  mod-anodes  essentially  the  same  arguments  hold 
except  that  in  addition  to  a  series  resistor  we  also  typically  have  a  switch 
tube  in  scries  with  the  modulating  anode.  One  essential  difference  however 
is  that  pulse  systems  always  have  large  energy  stoiage  banks  associated  with 
them.  In  such  systems  there  are  other  reasons  for  crowbarring  so  that  in¬ 
cluding  the  ir.surance  of  an  excess  pulse  current  crowbar  trip  mode  as  added 
protection  makes  good  sense. 

It  is  important  to  bear  in  mind  in  connection  with  power  arcs  that  such 
arcs  do  not  usually  go  to  the  collector  but  to  the  body  of  the  tube.  The  body 
structure  is  almost  always  such  that  very  high  power  densities  are  Involved 
in  arcing  situations. 

One  need  only  look  into  a  typical  tube  destroyed  by  arcing  to  see  that 
almost  al'ways  the  arc  occurs  to  the  most  fiogilc,  rather  than  the  most  rug¬ 
ged,  parts  of  the  tube  structure. 

In  tube  processing  systems  It  is  desirable  not  to  have  to  crowbar  every 
time  the  tube  arcs.  To  avoid  this  some  form  of  hard  tube  switch  capa'ble  of 
opening  in  microseconds  to  isolate  the  energy  storage  system  from  the  load 
Is  necessary.  For  high  voltage,  high  power  systems  it  is  usually  impossible 


to  fltid  5uc^  a  switch. 

!\iuits: 

We  arf'  concerned  here  v/ttii  thlnys  v/hlch  can  happen  to  the  power 
supply/ inodulatcr  uyr.tcjn  v.'iiich  in  tiir:;  -  jn  cause  failure  in  the  load.  In  the 
cw  cap.  ih-.ue  is  no  moduKiior  .if;c]  tiie  tube  Is  always  connocioo  to  the  power 
suppl'/.  1  or  this  cose  itic*  oniy  event  v/hich  can  huit  the  load  Is  slap  on  of 
p-w.ct  supply  at  fiiU  voUaye-  wilh  Up;  power  supply  deslyned  such  that  In 
co.iibl'.uUon  v.’lth  the  load  it  i;;  iinderdarripod ,  This  can  result  in  ovorvolt<age 
and  loud  breakdown,  tvb.esl  i.ysleins  don't  come-  or  at  full  voltayo  but  lun  »jp 
rehiMvely  slowly  and  don't  have  this  problem,  llowcvfm,  S'  me  tubes  such  ns 
'i  '.'.  I  s  cennnf  l)c  b.apjylu  tl  louyti  a  low  voltage  K.'ol'an  slowly  as  the  y  may 
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,1.  5.0,1,'))'/  1  :«jv(;nl,s  ITN  i\  ciiaiylny  ai.d  isl-.ut.s  dov/n  thi;  sy5>tein.  If  the  load 
ao;6,  it  eaiVt  iiu’a'illy  l)e-  liUil  duiiipj  a  sinjl'  inilr-e  tocause  ihe  n’ia;d inurn 
e-ip.iyy  .IV  i'la!)le  d.  in  tliO  iT  i^'  and  tliut  v.ould  r.io:,tI\’  yo  Into  MiC  inverse 
load.  li  jver<  l.  ae-iyy  that  drx-;;  yo  l)5lo  the  load  iio'a'  goes  to  the  body 
o!  tiiu  tube  in  be'<)iii  l'/)<e  lui.'es  tatip.i  thaii  lei  o  rtiyyjd  coll'.ctot.  I'Oi  tlili; 
109301)  e\'(.ri  in  line'  I'/j''-  Diodu lai or s  op;  ))iu';l  tl)lnV,  c.an.'fully  rjf  tbe  total 
c  isi'jy  available  duiUfj  a  ,'ul;p  ar.u  f.n.e  uf)  to  the  poor, Ibl  lily  of  c rowbarrlrg 
(Juiliij  a  I'lili.v  in  long  pub.a:  .■,ysl'n)is.  Typical  protection  aya.lnsl  load  .arcs 
is  0/  an  Inteyrut)  eg  I'lVeisc  oveih<-,l  circuit  in  which  the  circuit  vrlll  sl)'it  off 
tne  s/'  iem  tilyyr  a))d/oi  p'.v..'cr  supp-ly  after  a  j>re  -determined  nuinijcr  of  nuc- 
<)  ‘fci.'e  b;ai,;  ?i)Ci,.  Il>/wev(.),  '.uppuse  vre*  Um.e  ll.e  Inve'rse  diode*.  In  this 
a»i.  Ih')  vcU.iye  can  ssyni  flt.aantly  exceed  normal  voltayo.  To  pro- 

tei..  ci'j  li.'i:. t  '.!)  ),  tp  iih  y-ip'i  a  f'-ss  ti.e  pu'.ee  transformer  jmhnaiY,  cintb'^or 
tl)C  I’l  b' ,  and  A, I  I  he  Ci)i!’,.ni;  ch' ••/.'ll  j)r.  flMiiiicc  to  ib.v  l-vid, 

fl'/.n'  1 i,l)o'.-.'i  o  1  )^.e  hard  t'jjv  ...  iduielor  elroj'.' ,  I;i  this  case,  il  the 
t».d)e'p  I'  '  a  a)'.f»,  liio  pi  r  ;  cuneu  toes  I'.ot  ytea'l/  '-xceed  ))ori>ol,  luit  Ihcrc 
(51  i.i  V  lu  sbet  c-fl  th(  1  j1;.  •  arjU  v»c  i:"J')<.  c'owaa  tc  [.'event  llsc’.i.’.iubp,/  all 
1,1  tb.i  dt'.  .  I’d  '.I, cep/  I'po  r!i'  \o.)d.  Il  Me  I  ad  -ir';'.  durlr.j  the  I'l.'l.  0  all  of  the 
p.jl.’  '  '.aye  al  fidl  3'-'*'|ii.!i  t’jl)*-  Sal  u' .ill  ji)  '  -'K  o  s  ih'^  .'nvitci; 

M  e’  jl  11  .caiel','  a/e  if  U  l  i  ne,’  til  /-j' /'  d  off  w-vy  ycle’-ly.  ''•"ce  we  i.ar'el 
iIm;  r,(i  VIM)  lot  the  ev’i'rli  tub-;  b'l'  pi  uav.,  c  vp'  any.vay  it  is  used  a,  o  bjck- 
,./>  for  ihi  U  '.  'lch  trbi'  iih  )t  off  cj,".  ait>  y .  In  ti.ls  loss  isf  s'vl  ,ch  tubi? 


bids  is  equivalent  to  a  sv/itch  ore  In  tlie  protection  required. 

Figure  2c  is  a  hard  lube  niodulator  configiiration  in  which  the  switch  tube 
and  the  load  are  in  series  across  tl'.c  power  supply  filter  copocitor  which  also 
acts  as  the  energy  reservoir.  Here,  the  I'rohdems  are  the  same  as  for  the 
basic  hard  tulte  modulator  circuit  exceot  amplified  by  il.e  fact  that  the  storage 
capacitor  now  also  acts  as  a  filter  capacitor  and  as  such  the  stored  energy 
needed  for  filtering  is  not  isolated  by  the  charging  ImjK.-dar.co  shown  In 
Figure  2b.  Thus,  our  protilfuns  are  aggravated  by  having  more  energy  avail¬ 
able  (or  destructive  purposes. 

Figure  2d  shows  a  circuit  with  a  grid  modulator.  In  this  case,  loss  of 
bins  will  turn  the  load  lui»c-  fu ’’  on  at  100%  duty  and  v/ill  tyi'irally  require 
crowbar  action. 

Figures  2e  and  2f  show  tubes  with  a  modulating  anode  and  a  pulser  switch¬ 
ing  cither  to  ground  or  to  a  bios  supply.  In  ihesc  cases,  a  switch  tube  arc  or 
loss  of  switen  lui)c  bia.s  v/ill  (urn  (he  .systc'ii  on  v/itli  no  chancs  for  oirn  of:  and 
may  require  cro.v barring.  .Also,  if  tlie  high  voltage  lead  to  the  mod -anode 
shorts  to  ground  (as  Iras  hap'poned)  crov/barting  is  necessary. 

Finally,  in  pulse  modulator  systems  relying  on  a  stop  pulse  to  tu'^n  the 
sysicun  off  wo  must  always  face  up  to  tlie  possible-  less  of  the  stop  pulse  and 
be  iirepared  to  cro’wbar. 

DESIGN  CRITERIA  FOR  CROV/BAR  SYSTEMS 

Tlrcre  are  some  fundamental  design  criteria  for  crowbar  systems  whicli  can 
be  treated  as  arrivcrsal  objectives.  These  are  tabulated  on  Figure  3. 

They  should  h.r.e  infinite  voltage  range; 

By  infinite  voltage  range,  wr-  mean  tlial  die  crewbar  will  fire  at  any 
voltage  on  the  system  from  koro  to  full  voltage  v/ith  no  electrical  or  mechanl- 
Cdl  adjustment  or  any  kind  bedng  required.  A  mlnlinum  of  20%  overvoltage 
hold-off  capability  of  the  crowbar  device  red  Hive  to  the  system  open  circuit 
voltage  is  a  typical  de.sign  goal.  Noliody  ever  argues  nborjt  infinite  voltage 
lango  being  dositabie,  but  many  have-  uiguc-d  at/out  whether  it  is  necessary. 

The  bfist  argument  of  call  is  tliat  since  inlinitc  vo.'tago  range  can  be  achieved 
easily  there  is  nc  excn-;e  not  to  inc.rjr-iorate  it  and  thereby  take  no  chances 
of  dcstioylng  the  load  tube. 

b,  Th(;V  nhoald  lie  ccipal  le  of  iiiuliiple  fl ring; 

Multiple  fning  ine-:n.s  frlggeiing  tlic  ciowbar  device  repetitively  un¬ 
til  the  pov/er  sii[j|ily  priniary  c-ontacior  opens.  Incoi|)orutlng  multiple  firing 
v/ith  a  few  milllsr.-cond  ii  ‘erp/ulrnr  period  climinate.s  the  prr/blem  of  power 
sup'p.ly  rechorglng  after  the  crov/bar  device  dcionizrrs.  Again,  there  may  be 
arguments  a'nout  hfrv/  Important  tills  Is  In  .some  .systems.  Cut  again,  since 


They  should  have  infinite  voltage  range 

They  should  be  capable  of  multiple  firing 

niev  should  be  made  as  fall -safe  ns  feasible 

Thtfr  should  be  capable  of  befntr  operated  from 
multiple  inputs 

They  should  bo  Interlocked  with  the  system  power 

guprlv 

They  should  never  be  Incorporated  Into  systems  without 
careful  review  of  system  design  to  Insure  that  system 
components  are  Gpeclflc-d  and  protected  to  take  the  brutal 
treatment  Imposed  by  crowbarrlnq 

'  should  effectively  divert  the  fault  current  In  under 
a  few  microseconds 


I.  The  crowbar  discharge  loop  should  be  as  close  to 
crlticaliv  damped  as  feasible 


I 

I 


Figure  3 


DESIGN  CRITERIA  FOR  CROWBAR  SYSTEMS 


multipl"  firing  is  simpl*?  and  tTiex.peflsive  to  do,  them  Is  no  mason  not  to 
incorporate  this  cajiability  into  most  systems. 


c.  They  should  be  made  as  fall-safe  as  feasible; 

This  requirement  may  scce  obvious,  but  the  need  for  operational 
reliability  is  nevertheless  worth  oniphasizing.  The  crowbar  clearly  must  v/ork 
when  needed  and  reasonable  efforts  to  ensure  this  arc  required.  Routine 
periodic  testing  of  the  crowbar  to  ensure  operational  reliability  Is  often  prac¬ 
ticed.  Test  firing  ca  system  turo-oo  at  low  voltage  Is  easy  to  do  and  repre¬ 
sents  cheap  Insurance. 


d.  They  should  be  capable  of  beinci  operated  from  multiple  Inputs: 

All  of  the  events  tabulated  on  Figure  4  need  not  be  used  as  trigger 
sources  for  the  crowbar  kxjic  circuits.  Hov/cver,  m  designing  any  system  all 
should  be  considered.  In  most  cases,  having  an  excess  current  input  and  an 
excess  pulse  length  input  will  be  satisfactory.  It  may  seem  foolish  not  to 
incorporate  many  inputs  in  all  systems  since  the  low  level  input  circuitry  is 
so  cheap.  Unfortunately,  while  this  is  true,  the  problem  of  integration  of 
this  circuitry  into  a  large  system  to  prevent  false  signals  (noise)  from  firing 
low  level  circuits  is  not  easy  to  solve  and  in  the  past  has  cost  our  company 
a  great  deal  of  time  arrd  money, 

e .  They  should  be  interlocked  with  the  system  power  supply; 

Such  Interlocking  ensures  the  quickest  possible  opening  of  the  sys¬ 
tem  primary  which  minimizes  the  power  sapply  recharging  problem  and  the 
energy  to  be  dissipated  in  either  the  crowbar  or  the  load. 


f.  Tacy  should  never  be  Incorporated  Into  systems  without  careful 
review  of  system  design  to  ensure  tliat  system  components  are  specified  and 
irotected  to  take  the  brutal  treatment  imposed  by  crowbarrtng; 


To  treat  the  system  integration  and  protection  problem  In  detail  it 
is  necessary  to  refer  to  Figure  5.  This  figure  shows  the  essential  parts  of  a 
typical  high  power,  high  voltage  system  In  which  the  tube  Is  connected  direct 
ly  to  the  power  supply.  One  con  Immediately  generalize  and  say  that  the 
series  sura  of  R]  +  R2  +  R3  should  be  as  high  as  possible  commensurate  with 
hcv.-  much  pov/cr  and  voltage  one  can  afford  to  throw  away.  In  cw  systems 
the  problem  is  simplified  by  lower  voltages  and  lower  peak  currents,  so  that 
very  often,  until  energy  densities  got  comparaldc  to  that  in  the  Varlan  VA849 
klystron,  only  R3  is  necessary  and  can  be  made  so  large  that  no  crowbar  is 
needed.  The  power  rating  of  R3  should  be  at  least  twice  the  normal  maximum 
duty  cycle  rating.  Its  voltage  rating  must  be  such  that  it  can  take  the  full 
power  supply  surge  voU.ige  -jcross  it  when  the  load  arcs.  Since  R3  Is  In  the 
cathode  lead  It  must  be  fully  Insulated  off  ground  at  full  beam  voltage. 
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Event  ■  How  Detected 


I.  Transmission  line  arc 

2  r..™,  --#• i-j 

3.  Excess  r-f  field  In  cavity 

or  other  component 

4.  Load  tube  arc 

5.  Loss  of  bias  In  load  or  switch 

6.  Switch  tube  breakdown 

7.  Cable  breakdown 

8.  Loss  of  stop  pulse 

9.  Excess  voltage 

10.  Sputtering  during  Interpulse 
period 

11.  Capacitor  breakdown  In 
string  of  series  capacitors 


Arc  detector 

r.iricctcd  pcv.cr  coupler 
and  crystal 

Probe  and  crysta! 

Excess  current 
Excess  pulse  length 
Excess  pulse  length 
Excess  pulse  length 
Excess  pulse  length 
Compensated  RC  divider 
Pulse  during  Intcrpulse  period 

Compensated  RC  divider 


Figure  4 

TOPICAL  INPUTS  FOR  CROWEIAR  LOGIC  CIRCUITS 
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If  we  Jo  not  have  many  capacitors  in  parallel  then  only  Rj  or  K2,  but  not 
both,  arc  needed.  Introducing  Rj  reduces  filtering  but  In  large  banks  of 
series-paiallel  capacitors  it  may  be  easier  to  use  Rj  only  and  eliminate  R2- 
If  one  capacitor  in  a  parallel  striiig  fail.s  all  of  the  energy  In  the  parallel 
bank  will  dump  into  tl\at  capacitor.  This  cannot  only  cause  the  faulty  capaci¬ 
tor  to  blov/  up,  but  it  can  also  destroy  the  other  capacitors,  Rj  prevents 
this  occurrence.  Its  resistance  is  made  large  enough  where  feasible  so  that 
if  one  capacitor  faults  the  other  capacitors  in  pardll.,!  have  a  critically  damped 
discharge.  The  sum  of  +  R2  must  not  only  be  high  enough  to  critically 
damp  the  capacitor  bank  discharge  when  crowbarring  but  their  resistance  must 
be  high  enough  to  limit  the  capacitor  discharge  current  In  indlvlcfual  cans  to 
about  8000  amperes.  R2  must  Iiave  the  full  Systran  surge  voltage  rating  and 
be  designed  using  the  same  criteria  as  for  R3.  need  only  have  a  surge 
voltage  rating  equal  to  the  rating  of  the  capacitor  that  It  Is  in  series  with. 

The  v/attage  rating  of  R^  for  normal  operation  should  be  at  least  twice  that 
required  by  maximum  duty  cycle.  However,  we  are  now  faced  with  a  choice 
of  wliethor  to  consider  Rj  as  a  fuse  or  make  its  thermal  mass  large  enough  t 
dissipate  the  full  energy  (less  one  can)  of  a  parallel  bank.  This  choice  Is 
dependent  on  specific  system  parameters.  The  L2,  L3,  Lg  shown  on  Figure  3 
represent  inductance  values  in  the  crov/bar  loop  and  the  load  loop  which  must 
be  estimated  so  that  one  can  determine  the  value  of  R  needed  for  critical 
damping  and  for  minimizing  the  energy  available  for  discharge  into  the  load 
loop. 

Ey  the  iuU ouuciiuti  of  Rj  and  R2  we  have  protected  the  capacitors  from 
failure  due  to  possible  excess  energy  dumping,  voltage  reversal  and  excess 
pulse  current.  V/e  must  also  protect  thorn  against  failure  of  one  of  the  capaci¬ 
tors  in  a  series  string  which  will  short  out  one  level  and  overvoltage  all 
other  levels.  By  doing  this  we  now  have  protected  the  capacitor  bank. 

When  we  crov/bar  all  of  the  power  supply  voltaco  a.npears  across  the 
filter  choke  L^.  If  it  is  iiot  fully  insulated  for  this  surge  It  must  be  spark- 
gap  or  otherwise  protected  to  prevent  its  destruction.  When  the  gap  across 
L|^  fires  the  full  pov/er  supply  voltage  appears  across  the  conducting  diodes 
at  the  same  time  that  they  are  conducting  full  short  circuit  current  which  can 
typically  be  at  least  10  times  normal  current.  To  prevent  rectifier  destruc¬ 
tion  wo  must  choose  rectifiers  w'hlch  can  take  this  kind  of  beating  until  the 
prliriary  opens.  Also,  to  minimize  the  problem,  wu  must  get  the  primary  open 
as  quickly  as  possible.  In  large  systems  we  attempt  to  do  this  In  l-'2  cycles 
of  the  lino  frequency.  Thus,  Kj  in  Figure  5  rnusf  be  a  high-speed  contactor 
or  circuit  breaker. 

Among  the  critical  components  to  protect  when  crowbarring  are  the  meters 
in  tne  system.  Tlie  system  aminctcr  must  be  located  outside  of  the  main 
cro'.vlmr  loop.  In  many  sy.stc.-ns  where  wc  monitor  u-^dy  current  the  bottom  end 
of  the  capacitor  bank  goes  to  ground  through  the  body  current  meter.  If  we 
crov/Lvir  to  ground  tliis  m.cter  is  subjected  to  a  very  fast  rate  of  rise  of  current 
with  the  magnitude  of  the  current  usually  at  least  10,000  amperes.  This  Im¬ 
poses  a  requirement  for  a  considerable  amount  of  meter  bypassing.  It  Is 


essential  that  the  voltage  aero.ss  tho  ni-tcrs  ho  kept  within  the  net^r  ratings 
by  capacitor  bypassing  ani.1  voltage  limiting  ^^lovicr s ,  I’lnririg  the  crowbar 
across  the  caiiacitors  only  and  not  from  tiu.-  high  end  ol  ilic  l)ank  to  ground  can 

help. 

Another  major  prol'lcm  area  Is  the  transient  created  in  the  system  ground 
loop  as  a  result  of  the  very  high  rate  of  rise  of  current  when  the  ctowbcjr 
fires.  Very  low  iiuluctanco  grounds  must  be  used  and  voltage  Uniting  de— 
tdees  should  be  placed  on  rdl  distribution  transfonriers.  It  can  be  very  dis¬ 
tressing,  indeed,  to  lose  rciays,  mtiters,  lights,  cable  bundles,  etc., 
because  of  not  Incorporating  transient  voltage  protection  devices  on  our  low 
voltage  a-c  lines. 

The  major  problem  in  crowbarre"’  systems  is  the  voltage  transient  in- 
ducce.  in  the  high  power  magnetic  components.  Wc'vc  effectively  shorted 
the  pvawcr  Gu;.'ply  in  microseconds.  We've  opened  the-  ijiimaiy  In.  say,  16 
milUsocoi'ids .  If  we  keep  a  dead  sheut  0!t  the  system  v/e  have  no  problem  as 
the  system  energy  dissipates  In  the  crowbar  and  the  series  resistoi's.  How¬ 
ever,  crowbats  can  and  do  deionize,  at  SO  kv  and  about  2000  joules  deioniza¬ 
tion  times  of  about  S  iitilU Seconds  have  been  observ'Gcl.  When  this  happens 
ail  magnetic  coniponenl:-:  arc  carrying  full  short  circuit  current  and  then  we 
open  the  primary  fast.  Ihc-  transient  voltages  Involved  can  be  very  high 
indeed.  Extremely  careful  overvoltage  protection  on  all  magnetic  components 
in  the  system  p-rimar/  as  vv<;ll  as  secondary  is  required.  In  figure  5,  we  show 
a  transient  suppressing  IIC  filter  on  the  primary  components.  We  have  also 
used  thyrites,  liglitning  arrestors  and  spark  gaps.  We  often  use  redundant 
protection.  On  tlic  secondary  for  very  liigh  voltages  wo  use  spark  gaps  and 
lightning  arrestors.  At  lower  voltages  thyrites  and  capacitors  become  feasi¬ 
ble. 


g .  Tliev  should  nffactlvely  divert  the  fault  current  in  under  a  fevr 
microseconds: 

By  effective  ly  uiveil  we  don't  mean  dlsciiarge  the  capacitor  bank  in 
a  fev/  mic  ^seconds.  The  capacitor  bank  voltage  is  not  Important  as  long  as 
most  of  tl;  energy  goes  in  the  cr«}v/}jar  Icxip  oiid  not  tlic  load  locp.  We  want 
the  crov/bur  to  fire  In  under  a  few  microseconds  and  as  long  as  it  looks  like 
on  effective  short  circuit  it  doesn't  matter  what  the  capacldor  voltage  Is. 

h .  'f‘ho  crov^liar  fllschargo  loop  should  ho  as  close  to  critically 
damped  as  feasible* 

Critical  damping  of  the  crowbar  loop  prevents  voltage  reversal  on 
the  capacitors.  Allowing  the  capacitors  to  ring  can  overvoltage  them  and 
cause  dielectric  failure. 
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CROWBAR  EFFECTIVENESS  AS  A  FUNCTION  OF  CROWBAR  AND  SYSTEM 
PARAMETERS 


It  Is  possible  to  derive  simple  relationships  which  give  a  measure  of 
crowbar  effectiveness  In  protecting  a  faulted  load  as  a  function  of  crowbar 
and  system  parameters.  To  do  this  wc  compare  the  energy  In  the  fault  with¬ 
out  a  crowbar  to  the  energy  in  the  fault  with  a  crov/bar.  Without  a  crowbar 
the  energy  dissipated  in  the  load  arc  is: 
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V, 
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system  stored  energy  =  1/2  CV^ 

system  capacity 
effective  arc  resistance 

initial  system  voltage 


For  the  purpose  of  this  treatment,  the  assumption  of  Rj  =  0  does  not 
limit  the  results  as  Rj  and  R2  are  interchangeable  and  when  both  exist  would 
merely  add  together.  A  further  simplification  will  he  made  by  assuming 
L2  =  0  and  L4  =  0,  In  typical  systems  this  approximation  will  have  negli- 
gible  effects  on  actual  results. 


In  a  system  vdth  a  crowbar  there  is  a  delay  between  the  formation  of  a 
load  arc  and  the  firing  of  the  crov/bar.  During  this  time  energy  is  dissipated 
in  the  arc  in  the  amount; 
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energy  dissipation  in  load  arc  In  time  tj 

time  delay  belv/een  formation  of  load  arc  and 
crowbar  firing 


We  can  rewrite  equation  2  as: 


3  - 


Zt 


1 


+  R 


3 

1*50 


-V  .*• , 


,  _  •• 


ST^DARD  TEST  METHOD  » 


In  the  last  analysis  there  Is  only  one  treasure  tjf  effec-ti a 
crowbar.  Will  It  protect  the  load  without  at  the  same  time  destroying  the 
equipment?  The  answer  to  this  can  only  come  by  building  the  system  and 
trying  it  out  before  connecting  the  load.  To  do  this  we  use  an  experimental 
technique  different  than  that  described  in  the  introrluction.  If  we  simply 
set  a  gap  and  let  ll  break  down  as  we  raise  system  voltage,  then  we  never 
know  whether  the  power  supply  recharged  significantly.  The  best  test  we 
know  is  to  set  the  system  voltage  and  then  drop  a  shorting  bar  onto  the  test 
foil.  If  the  extent  of  damage  to  our  foil  Is  negligible  and  we  get  protection 
without  equipment  failure  In  100  out  of  100  shots  we  breathe  a  sigh  of  relief 
and  go  on  to  our  next  problem. 
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PROTECTIVE  CIRCUITRY  CAPABl.E  OF 
AUTOMATIC  OPERATION  OVER  A  WIDE  DYNAVJC  RANGE 

by 

HLF.  Onusseit 

Sylvania  Eloctroxiic  Systonis,  Waltham^  Massachusetts 

How  does  one  sense  a  fault  in  a  transmitter  whose  normal  pulse  current 
may  be  many  times  sliort-circuit  current?  We  were  faced  with  just  such  a 
problem.  Our  phased-array  transmitter  consisted  of  numbers  of  identical 
lower-powered  transmitters  whose  RF  outputs  had  to  be  adjustable  to  levela 
ranging  from  4  KW  to  as  much  as  450  KW.  The  individual  transmitters  were 
all  pulse  modulated  by  means  of  line-type  modulators.  Consequently,  the 
normal  pulsed  plate  current  at  high  level  of  RF  output  power  was  many  times 
the  short-circuit  current  at  the  lov/er  levels  of  operation.  Under  these  cir¬ 
cumstances,  it  is  obvious  that  the  protective  circuitry  must  be  designed  to 
sense  a  fault  independently  of  the  initial  voltage  across,  or  the  inrush 
current  into,  the  fault. 

One  must,  therefore,  rely  on  some  other,  less  often  employed,  phenom¬ 
enon  to  sense  a  fault.  Among  3  icl»  phenomena  available  for  service  are; 

1)  visible  light;  2)  audible  oscillations;  3)  mechanical  vibrations;  4)  localized 
heating;  5)  reduction  in  RF  output;  or  6)  the  initiation  of  high-frequency 
oscillations  characteristic  of  arcs  in  air  or  in  vacuum.  The  sensing  mean* 
to  be  described  used  the  last  phenomenon  and,  in  tinre,  came  to  be  affection¬ 
ately  known  as  the  "corona  sniffer.  *' 

Figure  1  shows  the  simplest  sort  of  corona  sensing  circuit.  Althoa^^ 
rudimentary,  such  a  circuit  will  actually  work-  However,  this  circuit  will 
operate  over  only  a  relatively  small  range  of  voltages.  Moreover,  the 
triggering  action  is  apt  to  be  erratic  and  applicable  only  to  a  crowbar  tube 
having  very  modest  trigger  requirements.  The  erratic  bcliavior  is  due  to 
the  oscillatory  nature  of  the  trigger,  the  low  energy  level  of  this  oscillation 
and  the  lack  of  discrimination  against  the  pulse  frequencies  picked  up  during 
normal  operation.  The  limitations  of  this  circuit  are,  therefore,  so  restric¬ 
tive  as  to  v/arrant  additional  circuit  scphistication- 

The  circuit  of  Figure  Z,  although  repr cscr.ting  ordy  a  modest  impiove- 
ni  nt  over  Figure  i,  has  actually  provided  fault  sensing  over  the  raj’ge  of 
8  KV  to  40  KV.  In  conjunction  with  a  hydrogen  thyratron  crowbar,  it 
successfully  protected  1.9  roll  wires  .simulating  the  delicate  grid  and  screen 
wires  of  a  super-power  tetrode. 

Ther=;  is  always  a  d.inger  that  a  fault- sensing  circuit  will  t.»-igger  spuri¬ 
ously  because  of  the  normal  pulse  voltages  present.  The  circuit  of  Figure  2, 
licwever,  can  be  designed  to  deliver  a  much  liigliar  triggering  voltage  without 
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danger  of  spurious  response  from  tfiis  source.  The  disc riniination  against 
the  normal  pick-up  coil  voitagc  is  ;u'<’(i:upiisucd  ijy  means  oi  liie  r>ei'ies  and 
shunt  filters.  The  scries  filler  is  lun.  d  to  present  a  very  high  impecLance  to 
the  normal  frequencies  pre.sent  anil  to  ))rcsent  a  low  impedance  to  the  high 
frequency  oscillation  initiated  hy  an  .irc  or  by  corona.  The  shunt  filter  is 
tuned  for  just  the  opposite  condition.  A  further  step  can  be  taken  to  enhance 
the  discrimination  and  to  decrease  even  further  the  probability  of  spurious 
response.  Th.is  step  consists  of  inverting  the  voltage  from  the  pick-up  coil. 
V/iiii  the  prope  r  coil  polarity  the  voll.ige  output  due  to  the  rise-time  of  the 
normal  current  pulse  (normally  the  maximum  output)  will  be  negative  when 
applied  to  the  crowbar  grid.  This  negative  trigger  will,  therefore,  have 
little  tendency  to  fire  the  crowbar  spuriously  during  normal  operation. 

The  major  fault  of  the  circuit  of  l  igurc  7.  is  one  previously  mentioned 
in  connection  with  the  simple  circuit  of  l  igure  1.  That  is,  the  high  fre¬ 
quency  oscillations,  because  of  their  positive  and  negative  reversals  and 
their  relatively  low  energy  level  arc  unable  to  provide  consistently  rapid  and 
reliable  triggering  .ac.lon.  To  ove  naune  this  major  fault  tv.’o  improvements 
'.verc  incorporated,  as  shown  in  Figure  3. 

I'lic  inqnovcnients  are  these: 

1.  A  biiiiple  detector  circuit  lias  been  added  to  derive  undirectional 
voltage  from  the  lug!,  frequency  aUer.-ali.ag  voltage  existing 
across  the  slumt  filter;  and 

2.  A  pulse  aii.j.lif.cr  li.as  beer,  added  to  provide  an  output  pulse 
having  sufficient  energy  to  consistently  trigger  any  crowbar 
device. 

The  detector  cir.  uii  can  be  exlreincly  simple.  In  our  application  it  con¬ 
sisted  merely  of  a  hi gh -  f  r eque  iicy  silicon  '.iiodc.  a  smalt  capacitor  and  an 
ordinary  carbon  resistor. 

The  (lulbe  amijli''icr  need  not  be  ropbistiealcd,  cither.  For  .some  appli¬ 
cations,  a  cathode  follower  and  a  blocking  oscillator  will  be  sufficient.  For 
other  jpphcalioiis,  the  bloeking  oheillalor  may  be  followed  uji  by  a  modulator 
driv.?r  haviiqg  suffi',  tent  output  to  fire  even  the  largest  crowbar  tubes. 

Kven  tlic  initial  ih-Mign  of  the  eiicnit  of  Figure  3  was  adequate  for  cur 
application,  ffon-.e-quently ,  no  fuilhe'r  stejuj  were  required  to  improve  the 
perfoi  inani  e- .  The  output  tiigp.ei  fiom  the  jmli.e  amplifier  occurred  about  a 
mil  robteond  aflel  tin  inili.Hion  of  the  arc  or  the  onset  of  corona.  This  fast 
action  ol  tlie  beoMiig  ein.wil  eiiibleu  the  i-iowbar  systein  to  provide  mid- 
pulse  inttirupling  service.  The  w.i  ve  sl  m  p  e  b  hibeletl  on  Figure  3  as  occur¬ 
ring. ifter  a  fault.  It  slonibl  be  iioleil,  i  rpi  i-seiit  the  voltages  only  if  tlie  fault 
is  .illowed  to  eonlinue  ii idii i.di  i  ed .  IJormally,  the  pul.cc  amplifier  will  be 
li  iggei  I'll  .iii'l  tlie  eiowbai  file'll.  The  leticii  of  tlieae  eiliuits  will  onhnarily 
mollify  (lie  wiveslnipes  fioiii  tl'oiio  sl  o-vii. 

The  fault  -  biiibing  cilcuit  of  1  igurc  3  wus  i/'ijulie'>l  to  operate  reliably 
WiDithij  high  volt'iee  liio'  oj  ><  I  ••  t  i  ng  1 1  <1  Voltagi'  level  of  fliuii  KV  toiltioUt 
db  KV.  The  ciliiiit  'V.i  b  de  nil'll 'jI  1  a  I '  il  to  opeiatr  i  oi  is  i  >>  1 1- lit  1  y  within  tlumc 
liiiiils.  Il  w.is  ill  Itnilly  t>  Bled  up  to  F>  KV  w.lliuul  c  ,<  ji  c  i  i  I'lii  i  uji  iipuliuui 
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INDICATOR  CIRCUITS 


triggering.  With  only  slight  changes  in  the  component  values,  the  same 
circuit  was  used  to  provide  protection  ia  a  circuit  operating  as  low  as  lOCO 
volts. 

To  summarize;  a  corona  sensing  circuit,  although  applicable  to  any  type 
of  modulator  (or  DC  circuit),  is  particularly  useful  with  line-type  modu¬ 
lators  which  must  operate  over  a  wide  range  of  output  power.  The  sensing 
circuitry  is  simple,  sensitive  and  extremely  reliable.  It  has  been  demon¬ 
strated  to  provide  automatic  fault  protection  completely  free  of  spurious 
response  even  when  the  output  power  varies  over  a  range  of  100  to  1, 


FAULT  SENSING  AND  PROTECTION  FOR  HIGH 
PQWFR  KLYSTRON  TllANSMITTERS 
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Radio  Corporation  of  America 
Defense  Klectronic  Products 
Missile  and  Surface  Radar  Division 
Moorestowfi,  New  Jersey 


SUMMARY 

Modern  day  high  power  transmitters  utilize  large  and  expensive  components 
In  the  Final  RF  Amplifier  Stage.  Typically  speaking,  the  Final  RF  Amplifier  Tube 
may  cost  $  15, 000  to  $30, 000  and  the  Klystron  Beam  Power  Supply  may  be  priced  as  high 
as  $200,  000,  or  more.  The  protection  of  these  high-cost  items  from  destructive 
crc3  and  overloads  Is,  therefore,  of  paramoun;  Importance  in  terms  of  economy, 
compotKiif  life  and  the  suco'''''iful  completion  of  the  prescribed  mission  for  the 
transiiiittcr.  Some  of  the  m(;asurcs  Uiken  on  tiic  TRADEX  L-Band  Klystron  Trans¬ 
mitter  include  the  automatic  monitoring,  detection  and  correction  of  faults  starling 
with  the  primary  power  line,  thru  the  Klystron  Beam  Power  Supply,  the  Final  Kly¬ 
stron  Amplifier  and  the  associated  wavcgriide  system. 

In  addition  to  the  automatic  monitoring  system,  there  have  been  incorporated 
special  design  features  which  Include  an  electronic  crowbar  unit  to  dump  the  stored 
energy  in  the  130  KV  Beam  Power  Supply  Capacitor  Dank,  circuits  to  remove  tho 
primary  AC  power  from  the  power  supply  when  rc^ulrcd,  and  clrculta  to  mornen- 
laiily  Interrupt  the  UF  drive  to  the  Klystron  Amplifier  when  necessary.  These 
features,  among  others,  have  been  Integrated  on  an  ovoi^ll  transmitter  basis  with 
a  logic  readout  which  is  located  on  the  front  of  the  Transmitter  Control  Console  60 
as  to  provide  the  operator  with  a  coinprehcnslve  sUitus  of  Uic  overall  operation  of 
tho  transmitter.  The  success  cf  this  phllosojdiy  of  Fanil  Sensing  and  Protection  Is 
attested  to  by  the  fact  Ih  it  Vac  major  components  performed  aa  anticipated 
during  ti  e  Bu))-syfil«,Tn  test  of  the  TRADFX  I/- Band  transmitter  at  RCA  Moorentown 
N.  J,  Block  diagrams,  schematics  and  photographs  lllufilraling  the  application  of 
a  comprehensive  Fault  Sensing  and  I’rolccllon  Syslem  to  the  Tlb\DKX  Transmitter 
a  10  presuntecL 
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2.  irrrRODUCTION 

Fault  SciKsiii;;  and  Pinnoi.lioii  ap  dt  v,  lope<1  at  th>'  M.'.t’R  Dh  lsion  of  RCA  ip 
tlte  outgrowth  of  oxpcrieiK-«r  aocuinulatcd  on  such  high  power  transmitters  as  the 
AN/FPS-dO  (BMFU'S  F.nginooiir.g  M'juel),  the  NIKF  Z CUF  Acquisition  ILadar  Trans- 
niitti'r,  installed  at  WSMlt,  White  Sands,  New  Mexico,  MADllE,  and  Oie  TRABEX 
L-Band  and  lillF  ■Fransmiliers.  During  the  R/D  phase  <-1  these  transmitters  at  the 
M&SR  Division  at  Moot  esU  wti,  N.  J..  and  during  the  latter  pliascs  of  site  eheekout 
and  field  operation  of  these  iransmittcrs  there  w'as  gradually  evolved  four  basic 
requirements  of  fault  sensing  and  protection  for  high  power  transmitters. 

These  are; 

a.  Protection  -  An  adequate  syst'an  must  provide  pro;ecti<-ii  ti  r  large  a-n 
ojqjonsive  comj.'ont  nls  in  an  U/D  or  operational  envjroameat  whie''  in- 
cliidcs  the*  arcing  and  seasoning  of  high  p<i\vt;r  tidjes,  power  supply  over¬ 
loads  due  to  eiituil  and  eompoiiont  jiialfureLif'Usg  ar.c  m.d runctime  t  .■ 
IlF  tno!siiii;-s.en  eireuiliy.  Further, ^the  proteclio'i  sy.'*'  nt  should 
opeiate  to  seose  fau'ts  and  to  remove  ■,>o\vcr  and  thenpeiinit  the  >.  i 
operation  c.vc'e  to  be  rcsuuted  inmu'diatolv;  and  it  should  restrict  t ’  o 
compoiic'iit  laiiui  vs  to  small  and  easily  replaceable  items  and  to  the 
comi)ont-iit  or  area  which  caused  the  fault, 

b.  Automatic  Sensing  and  l  ogic  Readout  -  Due  to  the  fact  that  ti’anstinUers 
of  tile  type  discu  ised  hoiein  are  in  actuality  large  stations  and  may  easily 
occupy  V,COO  square  ft.-el  and  more,  the  fault  sensing  and  protection 
system  must  be  er.tirely  automatic  in  its  o.ieratioii.  :ind  it  must  have  a 
logic  r(  admit  ott  tin-  c  jiilrol  console  which  tdimina'.es  arnbiguity  and  which 
specifies  tli<-  lyiu-  and  location  of  a  malfunction.  In  ruidition,  it  must 
{•resent  sufficient  informatton  to  a  skilled  opciaJor  such  that  in  i  onjutic- 
tion  with  oihf-r  eons'do  status  inrlicnloi  fi  U  will  enable  Idm  to  mi.ke  the 
decision  whether  to  coiiimence  operation  again  or  to  initiate  other  action. 

c.  Ficonoiuy  -  lltcm  ei".  diei.ilcs  that  the  cost  of  maiiiuining  a  large  storlc 

of  \  i;i3  t;;aien.;i' »  enls  lor  roplucenicnt  be  iniiiiini ',.'d.  la  n.Viii’e'',, 

the  storage  '.f  k.ige  iof.i{ione:ils  such  as  1 1  ansformers  ir>':  indmuors 
which  may  w<;i;’,ii  I  lo  an  g-.iis  jxisna  n  >o.ijr)r  problem  in  itself.  Idbowi.'^e, 
the  i;iainlenaiice  of  .  xjx'u.sive  bjiarcs  bi-oomcs  a  problem. 

d.  :5afety  I'rovl.nlons  nm.bl  be  Included  for  the  protection  of  persomivl,  bee 
'■mergency  rrii.>>\al  ..f  all  prlm.iry  jiowcr  and,  in  some  eases,  .a  .sejiar  ;te 
and  b;'cku|>  srilienie  for  reniovliig  all  priin.ary  power  fi’oni  the  Ira nsniitior 
aix'a  whieli  is  ind-  peudent  of  the  switeligi-ar  located  inuiu  diatcly  in  the 

t  r  iiisinilb'i’  eoiu|jle.x. 

lb  OVERAl.b  SV.S  1  EM 

A  d  bloel.  (lirigr.im  ol  llie  nrijor  artiaa  coverctJ  in  the  overall  i.-.uli 

f.eii.sing  tmd  jii  oli  ct  ion  .sv;  tem  is  iihdwn  In  Figure  1.  Uofi.Tiing  to  iliis  flguic  ft  is 
si.'cn  that  thl.*}  inelodes  (he  II  j>ha.;e/-l  !(><)  volt  rwilch  gear  and  the  asBoclafed  bi.an. 
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power  supply,  tlin  o:ij>acilor  huuk  for  llu.‘  lieaiii  p.iwcr  suduIv  ! 
palscr,  Uic  fiii;i.l  lU'  n:r.p!ificr  .sl:i;;e  uii.l  Jio  i'.  .  eu ido  e./fd  r,. 

riyuie  2  broal;s  this  down  fui  lhcr  and  includes  the  scnshig  elements  and  the 
protective  devices  as  well.  It  is  thus  scon  that  eight  sensing  points  are  provided 
for  monitoring  the  ])orforniance  «»f  llie  liigli  power  circuils.  'iliis  includes  overload 
relays  for  the  3  (thaso-ilGO  volt  primary  power,  ovoi voltage  sensing  of  tlie  DC 
output  of  the  beam  power  supply,  inverse  current  arc-hack  detection  in  the  F-78G9 
^D-I039)  vacuuiti  roctifins  for  the  power  supply,  cr^twhai'  cuarcut.  I)cam  switch 
tube  arcing,  klystron  arcing,  klystron  tmcimtn,  wavcgitidc  VSVVR,  and  video  duty 
cj  ole  overload  for  the  klj'slron.  Kacli  of  tliesc  areas  v.’ill  now  be  discussed  in 
detail. 


: ijp. V 1' UGX  i'.kAM  PO\Vi:it  SUPIM.Y  OVlMU.OAn 

A  high  speed  laonotidy  controlled  Gk  Model  AM-ilS  circuit  lircakcr  is  used  to 
control  tl-.o  <1 IGO  vtdt/3  idia.se  power  to  the  klystron  beam  jvjwcr  supply.  It  has  an 
intcrraiJtiiig  rating  oi  IT'O  MVA  and  30,000  amperes  at  full  1100  volis.  It  has  a 
yuarai  toed  10,000  cycle  trip  life  and  a  2,000  itour  performance  rating  without 
maintenaneo.  Us  interrupting  spcetl  is  l.DG  cycles  of  GO  cjis  or  32.  7  milliseconds 
measured  irom  the  application  of  the  solenoid  triji  iiower.  This  time  includes 
breaker  e'jierating  time  ar.d  arcing  lime,  but  not  overload  relay  operating  time. 
Overload  relays  t^'pe  Gt:l-IAC77  provide  i iKlanUmeono  and  liino  delay  tripping  of 
the  high  speed  circuit  brcttker  when  the  -IIGO  volt  lino  crrrenl  reaches  600  amperes 
A  variable  time  delay  as  illustrated  by  Table  I  is  provided  also.  Tliis  is  based  on 
a  l'J0?o  full  load  line  current  of  208  amperes, 

TABLE  I 


Si,  l.oad 
150 
200 
300 
500 
800 


Relay  Time  Delay  (Seconds) 
0.  5 
0.  22 
0.  15 
0.05 
0.  035 


1-,i:AM  power  .supply  OVERVOI/rAGE 


r'le  PC  output  of  the  Klystron  Ijcam  jjower  supply  is  monitored  via 

a  LjC  I'll'  goliin  1000/ 1  resistive  divider.  It.s  function  is  to  guard  against  liigh  volt- 
ic'  su On  the  DC  bus.  The  range  .jf  prot(;ction  is  a<ijnskil)le  from  -126  KV  to 
•  1  )'/  i'C'/()i.'.  Tripping,  of  the  high  speed  clreiiil  breaker  is  provided. 


TO  WAVEGUIDE 
SYSTEM 


{jeneintcMl  wlifii  rclIfi'ioiJ  Ivl"  jinvi.i'  :•  is  gencmfi'd 

whicli  Iri^rgi’is  .lu  SCI!  ir.  t!it  l;i'  l.^-.ili  c  iJuU,  iv.iiv:i]  i:.  i  I  'l  i'l  is;:-,  Slc.  .  hi 
multipliof  sUi^-cr:  pa.st  cutoff.  ItF  pc-.vcr  in  i;io  lU'  Kxcilc.-  llit;t  is  rc-applicd 
gi'aduaHy  by  iTiCans  of  a  s'ov.  !l-C  tunc  co  istaot  mi  tlii.s  sL;i;;c. 

1.  FAUl.T  ^FNSJ2<;C,  AN’O  I.OGfC  UNIT 

ihc  afoi».  iuo'’.!i'>!U‘'l  fault  scMisinj^  and  protc-ctioii  fcatufcs  arc  iiifcgratcd  in 
tlio  Fault  SciLSiiic  aiiii  I.«*gic  unit  located  in  the  front  of  the  Iransinitler  console. 
Tlifs  a  I'oa  \eill  be  discisso*!  next. 

Figun  -I  is  a  bloeh  <liag!ain  of  the  laiilt  sensing  and  logic  nnil.  It  is  to  bi; 
noted  tl'.at  I'ic  entire  logic  funetion  and  .'le.to.natic  feature^  <‘apsL*ility  is  pro'.  iih."'  i'- 
13  plug-in  ii'.oduies.  .\  F.pieal  module  is  shown  in  Figure  5. 

.Aeolla  r  ier.'.are  ;.>)l  previmedy  dis*  ussed  is  tint  niarual  operation  of  d  "  ,  ; 
bar  unit  is  pro\  id' d.  In  tasi  of  necessity,  a  nutnual  damp  in..y  be  t  .vccutcd  Ij  .  the 
opera'sir;  anii  it  provid'-s  a.  means  <'l  i  bcokuig  tlic  crowbar  unit  at  'hit  sta  r't  <  d  ;  ; 
ation  of  the  trails', ,if.er.  other  iiv.poriaul  u  ature  i aeontoialcd  i^  tVio  faul' 
sousing  tint!  Io;;ic  mil  is  tii,.'  Selocii'^a  of  the  nuniL'cr  of  faulLs  ami  its  rolatkm  to  im 
re  aijplie.itioii  i.;!' p  v.'-r  afu  r  a  fault.  For  instance,  prior  to  operation,  the  op<T- 
ator  bats  (he  option  to  cl  oosc  namciil  or  autoniatic  re-operation  aflor  a  fault.  11 
mnneal  operation  is  sel.  etnl,  then  tiftcr  a  fault  has  occu'  ied,  UiC  fault  must  be 
cloiirod  manually  by  ll.c  operator  before  high  voltage  opciatioii  may  be  resumed. 

If  au'oinalic  operation  is  eli'tsen,  1’u  n  Ibree  faults  ctin  occur  in  succession  in  any 
10  .second  inter\al  after  wbieh  an  auUmi.itic  loclami  b.alure  hikes  over  and  manual 
clearance  "i  tlie  fan!!  :rgain  required.  If  f'.'.i  faults  occur  wilhia  oiic  minme, 
llicn  mtoniatio  liicho'ii  lake.s  over  and  manual  rc-operation  is  required. 

Figure  d  is  a  Iront  view  of  the  panel  contaiiung  the  Fault  iJensing  and  1  ogi;; 
Unit  for  the  I  lUDFX  k-Bnnd  'FransmiUer.  It  includes  in  addition  to  the  liKlds, 
ccnitrrds  for  Mu  cr<.’v.t';'r  ui  it.  'uoniiiers,  a  m-on  lamp  lo  indic.ite  high  and 

it  prO'.  ides  .au'.oiiMiie  i  (ad  ).ii  >■'  ti'O  typo  and  mimber  of  faults  whicli  have  occi'  ’  >'( 
The  back  side  of  tin  to-. it  panel  :r,  sb.ov.c.  in  Figure  V,  and  Figaire  8  i:  a  rear  vi..w 
of  tiie  unit  ;d  ■n'.  hi;;  tl.e  pbig-ln  moflulc'  I'or  parji'ises  of  orioalation,  there  k<i 

shown  a  [licljro  of  the  Trai'Smilli'r  Control  Console  in  tigurc  U. 
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FIGURE  4  -  FAULT  SENSING  LOGIC  EL\GRAM  -  SK-49G2-1-CP 
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FIGUlit:  0  -  TRANSMITTER  CONTROL  CONSOLE 


12.  CROWBAR  UNIT 


The  crowbar  unit  discussed  herein  is  patterned  after  a  pulser  switching 
device  developed  at  Stanford  University.^  Electricaliy  it  is  different  in  that  it 
lacks  a  bias  supply  to  extend  the  firirig  ranee  to  low  voltage  values  and  It  Incorp¬ 
orates  modifications  in  the  bottom  two  gaps.  The  voltage  range  of  opci'atlon  of 
the  crowbar  unit  Is  approximately  60  KV  to  140  KV.  It  is  used  to  dump  the  energy 
In  a  5  mieroramd  capacilorbari  with  a  storexl  energy  of  56,000  joules.  A  simp¬ 
lified  block  diagram  of  the  crowbar  onR  is  shown  In  Figure  10,  and  a  schematic  is 
given  in  Figure  11.  Basically  it  consists  of  a  series  string  of  5  air  gaps  with  R-C 
dividing  circuits  mounted  on  a  plexiglass  frame.  A  load  isolating  resistor  of  12 
ohms  Is  used  to  keep  a  shorting  load  from  reducing  Uie  potential  on  the  dump  unit 
to  7,ero  prior  to  firing.  A  6  ohm  resistor  is  used  lo  limit  the  discharge  current  of 
the  5  microfarad  capacitor  bank  to  less  than  25,  000  amperes.  The  G  ohm  resistor 
also  establishes  an  overdamped  disciaarge  condition.  Using  the  schcnaatlc  In 
Figure  Tl,  the  seciuence  of  ojioration  is  aa  follows.  A  trigger  amplifier  unit  util¬ 
izing  a  5C22  hydrogen  thyratron  is  used  to  fire  the  gap  (i'l)  closest  to  ground. 

This  Is  acconipUsh.-d  by  applying  a  danqicd  oscillatory  discharge  to  this  gap.  The 
first  half  cycle  of  this  waveform  Is  -100  KV  In  amplitude,  and  occurs  In  about  1 
microsecond.  An  R-C  discharge  loop  ’’A"  Is  used  to  ovei’^olt  the  next  gap  {42) 
ui.d  likewise,  uaothsr  R-C  discharge  loop”B"  ovcrvoltf:  the  3rd  gap.  Capacity 
dividor  action  fires  the  4th  gap  and  then  the  fifth  gap  fires.  All  the  gapa  are  fired 
v.'ithin  one  microsecond  after  applicaUun  of  the  trigger  by  ihc  5C22  trigger  ampli¬ 
fier  and  within  seven  microseconds  after  the  detection  of  a  fault.  The  gaps  are 
composed  of  three  Inch  diameter  solid  bronze  balls.  The  limiting  resistors  are 
Globar  t>'po  SP  resistors.  Rased  on  e-xpcrlencc  with  this  unit,  these  resistors 
are  operated  at  30  KV  peak  and  3,000  amperes  peak  for  crowbar  discharge  service. 
Experience  and  testing  of  this  unit  has  shown  that  without  this  limitation,  severe 
tracking  and  "fireball  effects"  on  the  outside  surface  of  the  resistor  occur  and  an 
Increase  In  resistance  of  about  3  lo  1  occurs  In  the  value  of  the  resistor.  This 
problem  and  one  on  ihc  exiingiilshing  of  Itc  gaps  are  the  only  significant  problems 
which  were  encountered  on  this  unit.  Gap  extinguishing  was  alleviated  by  iriaklng 
the  gaps  vertical  firing  and  by  increasing  the  storage  ca  ■  city  across  the  gaps.  A 
topical  set  of  wavefoniis  of  the  crowbar  unit  firing  is  shown  in  Figure  12.  Figure 
12A  shows  the  current  In  the  5  mlcixjfamd  capacitor  bank  discharging  through  18 
ohms.  Figure  12D  shows  the  high  voltage  bus  voltage  during  discharge.  It  Is  to  be 
noted  that  at  4  milliseconds  the  gaps  exUni’uIsh  an"!  then  rcflro  and  then  tlie  voltage 
remains  damped  at  a  low  value  until  Ihe  high  speed  circuit  breaker  opens  as 
evidenced  by  the  small  disturbance  at  35  milliseconds.  Also,  the  observed  dis¬ 
charge  time  as  shown  by  Figure  12C  is  500 microseconds.  In  conclusion,  itshouldbe 
noted  that  crowbar  service  below  60  to  ^9  KV  has  not  been  found  necessary  to  date 
and,  himce,  the  range  cf  CO  to  140  KV  Is  considered  satisfactory.  Acoustically  the 
unit  makes  a  fair  amount  of  noise  when  U  fires,  liowever.  It  Is  located  in  an  en¬ 
closed  capacitor  room  which  Is  an  uninhabitable  area. 


FIGURE  1C  -  SLMPLIFIED  BLOCK  DIAGRAM  OF  ELECTROMIC  CROW’DAR  UNIT  -  SK-illC2-2-CP 
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10  KV 


rir.ulu-;  ii  -  schkmatic  of  fi.fctronic  crowdar  -  sk-ii 


A.  Ctnrrent  discharge  wuveform  for  5  microfarad  eapaeilBr 
bank.  Series  limiting  resistor  is  18  ohms.  Clrcoft 
Id  ovcrdajnped  -  R/L  >1  v^LC  fjoop  inductance  =  5 
microhenry 


i  ’f  .  '  .  .  ,  . 

r;'-' 

In  t'  it  w 


'll 

.  i\  O'DIV 


=  -100  KV 


-  100  p  sec/cm 


-  00  u  sec 


HCO  Amps/cm 


An.alytical  Solution  Measured 
t  (tisec)  I  (amps)  I  (amps) 

1.0  5380 

2.0  5500  5550 

2.5  5498 

3.0  5490 

4.  <1  5450 

200  2050  2040 


Sc  ope  V/cm  -  20 


Ciiri'cnl  observed  via  ti'ansformer  in  ground  lead  ol 
crowbar  unit. 


B.  I’oluigc  '.vaveform  on  H,  V.  bus  during  firing  of  crow- 
b.ir  unit.  Compensated. H-C  divider  used. 

= -70  KV 


=  5  inilliscconds/cm 


Scope  V/cm 


U-C  divider  ratio  =  1100/1 

jN'ote  ^ap  extir.guisbing  and  refiring  at  4  milliseconds, 
iiigh  ''•jxn.'d  circuit  breaker  also  shown  operating  at 
a'.)uut  35  millisocor.ds. 


j  C.  Voltage  waveform  on  II,  V.  bus  for  5  microfarad  bank 

J  during  crowbar  firing.  Scries  limiting  resistor  is 
18  ohms. 

-  70  KV 


lie  -  00  p sec 

SS  -  50psec/cni 
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OF  5  MICUOFAll.\D  CAPACITOR  BANK 


SK-42G2-1-CP 

REF:  Bi'12776,  pg.  23-2G,  WIIC 
TTDM-L-159 


rii;\iLCS  13  aiid  14  avo  j»hotO|;n\Dhs  of  the  crowbar  unit.  Physically  It  con¬ 
sists  of  a  basic  mounting  structure  consisting  of  a  1/2  inch  thick  plexiglass  sheet. 
To  this  sheet  arc  inountcd  the  5  ball  gaps,  various  Ti-f'  •.'ivliling  circuits,  the 
series  limiting  resistors,  electrostatic  rings,  a  10/T  auto-transformcr  and  the 
associited  trigger  amplifier  unit. 
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INTROCUGTIONl 

The  utilization  of  hlch-pouer  tninsniltters  during  recent  years  has 
spurred  a  need  for  the  dcvolopinent  of  devices  capable  of  protecting  rf  gen¬ 
erators,  high-vacuum  modulator  tubes,  and  high-voltage  coaiponentD  In  the 
event  of  an  arc  in  any  of  those  components.  This  need  is  particularly 
evident  in  equipment  operating  at  high  voltage  vith  large  values  of  stored 
energy  in  capacitor  banks,  since  the  high  voltage  Increases  the  probability 
of  e.rcing  and  the  high  energj'  Increases  the  probability  of  catastrophic 
destruction  of  the  compenents.  At  voltages  under  oO  kilovolts,  use  has  been 
made  of  igmitrons,  hydrogen  thyratrons,  triggered  sjiark-geps  (of  the  sealed 
gas-flllcd  variety),  and  open-air  gaps  of  various  configurations.  Above 
80  kilovolts,  the  only  available  devlccc  have  been  of  the  open-air  type.  In 
this  category  various  configurations  have  been  used  vrlth  varying  degrees  of 
success. 

In  order  for  a  protective  de’d.cc  or  electronic  cro^ar  to  Bucceosfully 
protect  the  circuit  in  which  it  is  used.  It  must  have  the  following 
characteristics : 

a.  Rapid  firing  after  application  of  trigger  pulse. 

b.  Low  voltage  drop  after  firing. 

c.  Low  energy- triggei'lng  capability. 

d.  Large  range  of  operating  voltage  (l-e.  Vmax/Vnln  as  large  ea 

possible). 

e.  Repetitive  firing. 

f.  Self-triggering  In  the  event  of  a  fault. 

Tlic  need  for  a.  and  b.  above  is  evident;  the  crowbar  must  be  caused  to 
achieve  a  condition  aporonoiiing  that  of  a  short  circuit  across  the  arcing 
coEtponent  co  rapidly  as  Is  possible  so  as  to  divert  the  energy  from  the  arc 
before  any  Jatiage  has  occurred.  The  crowbar  obviously  inust  be  capable  of 
teasing  the  short-circuit  current  value  without  being  damaged  Itself.  The 
low  triggering  requira.ncnt  Is  dictated  by  the  usual  desire  for  circuit 
simplicity  and  small  size,  but  is  also  necer,sai-y  to  minimize  any  pulse  clgnal 
thc.l  .may  appear  In  the  laain  circuit  during  triggering  of  the  croVbar, 
culrenent  d.  stems  from  the  possible  need  for  circuit  oixjrntlon  over  a 
wide  voltage  range  for  vlilch  protection  Is  desired.  This  la  particularly 
needed  in  hl/di- power  electron  tube  processing  equipment  wliere  arcing  Is 
possible  at  the  lower  'values  of  plate-supply  voltage  \intll  ceasonlng  of  the 
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•:li.cLyo:i  it'n.iit;:  .'t-i'ble  oy>>  -.iLi c<i»  at  i-liu  'j'lCre  lo 

til.'.o  a  iu'’.d  for  io'.'-y}  nto-vol  I  if/.-  tri,',xrln,f;  ».r.TML/illt/  t-j  rjtxvjdc  for  a 
)  •-•jjr.titl Vi'!  firiii;:  '..r  I1i0  or'.w’j.-.r  •  .1;  In  :  'iln-  I  '-rlc-i  Vot'/LX-r.  Initial  firing 
ai'  thi.'  ■  ixvhai-  /u.'.l  tti;^  o'.'  (!;-,•  ci  rcui  t-1 :  c.-'. -rr. ,  In  o’dor  to  prevent 

j  ei  !’.iti  .atioa  of  tl-c  are  in  -.a  cle.-l  ron  tube  t)tat  I'ay  iiavr-  evolved  gas  during 
the  Initial  stag.-;;  of  l.he  oji./lra.l  arc.  It  ahonJd  olr.o  be  'ielf-ivlrigtrlnK 
in  t^;o  event  of  a  fault  to  prov! 'ie  pj-otection  .'igi-.ir.at  the  j-.eln  capacitor 
discharge  oven  if  the  logic-dr  Ivor  f-aUfj. 

In  O'hiltion  t-u  Uie  i-harjn-tcrlattco  iloted  ard.  dlecur.ocd  fiLo/c,  the 
croebar  Meat  reli;-.bly  hold  off  the  dcoiiTd  high  voltligc  without  celf- 
Iriiifced  citlioi'  by  ritnor.ph«  rlc  effects  or  the  normal  pilcco 
I'lei.arjiir  in  the-  ir>' in  oli'.cult.  rjiiolly,  a  deLilral  le  feature  would  he  a  low 
v-i-.'."  of  a  :  r.! -t  i-'  euia -gy  (j<-iicrut'yi  by  the  firing  of  the  crowbar. 

■..lii-ii  till:-  Li'-boj it'.oig'  Maz  f:.':--cl  With  a  need  f-:,!-  a  crov/bar  device,  the 
rjo'.bar  art  \izz  r.ur-/e-yod  In  the  light  of  t)»o  ubo.'c  icqulvc-zacnto,  and  the 
d-.',--  :?u  prciicntly  bci!-.;",  ur-<.<!  in  •nnlcris  c<iuljiacnts  \rcr(r  feond  to  fall  tliort 
‘.-f  ortij'.vi.  It  o..ciiritc;  to  uc  tnat  the  c-.-qucatleJ ly- fired  f-park  gap, 
vhl.;n  ..in  b.-.n  :.ta-iicu  by  the  Unlvciaity  of  Cal i foiTilfi^  and  Camcgic 
Ii.  iLv.c  v-f  V-.'- <' ■  '■  J  '*'!-  '.’  ino-fuliito)-  device  end  a  clljiplng  device, 

- -'.H  '.!cet  f.  •  o  ; -.cm' - -.-m  .:.t  en.J  ■;o\)ld  alto  be  l::ve:itlg.'itcd  and  constructed 
i'  the  -hj;-'. c  '.t  i-or.'.lM-c  lino. 

A  t.-.ec-l  of  a  protot^/i  e,  r.cqucntl ally- fired  /ijiark-gap  ero-wbar  waa 

d-  cl, :iieci,  ron:;tiuctcd,  r-ij  tented  at  thin  Laboratory.  Ihc  tc."t  recult* 
fnJi'atcd  that  it  waa  iKMolblo  to  achieve  oJ.l  of  the  desired  featureo, 

:  ’.'.Luli.'.g  the  ability  to  fire  tiic  t»>n/biir  at  ^ero  plate  voltage,  l.e.,  t!ie 
\'(.luc  of  Vi/f.x/Vml  n  achieved  uao  Infinite. 

A.'i  a  rt.T.ult  of  the  cuocenr.  of  these  Initial  teats,  a  decision  wa»  ci/idc 
to  design  and  conr-tiuct  at  this  Laboraloi^  a  fuLl-scale  crowbar  for  use  In 
proc.'.-ssin,;  oquirmont  for  oupeipower  klyatrons.  It  is  the  puriJOse*  of  this 
report  to  detail  t?'C  (';cn<rral  prln-lplcr.  of  epemtion  of  the  scqucntlolly- 
il.'cd  gup  and  tbo  i-'u-ticular  ucsifpi  fcaturc-a  of  the  /;up  that  wa3  provided 
i'or  this  apnll  cation. 

p  -:  on  I -I  If)];  /  -ij,  PnTtiClJT.)-,  Of  Ol'l-JHATIOfl; 

Tr.c  c.Ic'tionlc  crovl-ar  Is  a  inultiplc  flr.cd-gr-.p  ayr.teia  that  In  ccquen- 
t'.-'lly  firt.d  Ity  signal  iq-plled  fit  iq.-proxlnvitcJy  the  irJd-jolnt  of  the  gap 
syotcin.  A  r-chvfVrtlc  dlfigicsa  1 -s  i.homi  In  Klg.  1. 

'//h;  <;lccti  odc.o  of  Ih.c  gap  r.ystua  nrc  In- 3  Ine-st.aggcrcd  metfU.  rod'.:,  eadi 
of  r;:’!',!!  ju  ccnnoctcl  to  a  ul/l-llii.g  reslstor( li)  and  a  capacitor  (Cg)  to 
.'.d-  end  of  th-j  j-ik'  rt.i'vc;:  as  fjj  clcctiucc  of  the  adjacent  gap- 

I'i.  •  11.;  h'.t  gc  1'.  sir  t'.'.’ .3  -arc  oJl  of  equal  value  (ui-I  pcovidc  unlfona  voltage 
d'-'i  -M  s'.  l-i.:.-.  'ili1s  pejn.'t.'J  f-tpia].  gajj  spr.cl ng,.':  to  be  used.  Hio 

,1;  f:;,  P-  'cl,',-.-.  ■  .ICO-  ly  Lh-.'  brc:J;doi.-:i  voltngf^  01'  the  aLt.ia:,ph(-i  c,  the 

I-':  .1.  (  1/ ..ing  vol  i.f-.go,  (  lid  tlic  Oo-slrcd  de,^rcc  of  Sfii'ety.  'ibc  alze  Of 

til'  ..I  'li.'n  ;  i-',,,-;  1;; to.'. 1.'.  dctcni'.ni:d  by  a  c(>rjpi''rJ.'.  e  bet:/c'cn  Die  n/tiomit  of 
x'-i.  j  Mj  rv  t  ttint  -"ji  be  t> >J. orated  (uid  the  tlfic  contitnnt  of  the  gfip 
'-:'-t'Ci  1--' .'li  oi!  by  tiv.  if'tc  of  iij.pll  cation  of  voltage.  Ibc  capacitor  (Cg) 
f'-/'.  <  c<  ■■  '-I'ct.-odf  lo  ^lOiind  In  selected  to  be  .xn  order  of  nagiUtudc  greater 
Li,'  t'.'.  1  oJ  ■'<;trf..i(,  ci.j..;'.-,]  lancc  (ci)  of  the  g'd's  .  llic  coiqillng  capiioltor 


PIO.  1  Schwaallc  Dlagraa  of  Electronic  Crowbar 
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(CoJ  is  a  minimum  of  five  tlTro:;  tl'.c  tot“l  capncitance  (n  Cr)  of  the  system 
to  tiround. 

The  mcchcnism  of  the  Ger-es-Gfip  ayotcrc  conblsts  of  over- 

voltatjinG  caeh  ia  turn  with  the  dlccharGCO  propocatin.'^  in  loth  direction 
froiu  the  center.  Tl'.e  in-line  structie-e  r-e-;-mits  ii oTiclititien  of  the  next 
papj  thus  ctabillzinG  the  brteilcdo'..'n  volcap/e  and  rainlmlr.lnc  ctetisticnl  vari- 
ationn.  The  result  is  e;:ti-encly- rapid  l.-reakdown  of  the  cap  system.  The 
slinpiiflea  circuit  of  Fie-  2  illuctiatcs  the  triccorinc  mechanism  in  the 
absence  of  nny  volta^;e  in  the  main,  syctc-m-  Tlie  triccer  signal  (ct)  is 
applied  through  the  coupllnc  caixicitcr  (Cc)  to  the  rod  serving  as  one  side 
of  the  gaps  Cn  and  Cn+1.  Assuming  trie  trigeer  pulse  has  a  veri'-fast  rise 
time,  the  trigger  voltti.go  will  divide  across  Cc,  Cl  (the  gap  capacitance) , 
and  Cg  (the  cs'pnelttmce  to  ground)  Inversely  proportional  ao  the  size  of 
each  capacitor.  3ino<j  Cg  is  choccii  to  be  approximately  10  tiroes  larger  than 
Ci,  and  Cc  is  approx ima Lely  100  tines  largej-  than  Cg,  all  the  /cltage  ullJ. 
effectively  appear  across  Cl  and  Cg  ’..'1th  tlic  .-oltage  across  Ci  or  the  gaps 

Gn  and  Gn-il  equal  to  Cg _ ,  uliich  is  amroxhnr.tely  0.9  ct  for  this  uysten. 

Ci  +  Cg 

If  the  triegor  voltage  is  i.uuiy  tLmec  Ifu-gvr  than  the  hrca]-.do'..si  vcltirge  cf 
gap.s  Gn  and  On-*-!,  hnth  gau.s  t.'ill  fire-  rar.lely.  Tlie  ultiavlolat  radiat!-:  1 
piod’jccd  In  tho.se  two  gap..  i. -radiate  the  .'leigliboring  gaps,  thus  st."'.- 

bllir.lng  tholr  behavior,  ’..'ith  gaps,  Cn  cjid  Gn+L  broken  down,  the  trigger 
voltage  will  now  bt;  C’.ppllcc  i.cioas  gaps  Gn-1  a.nd  Cn+2  and  the  same  trig- 
gei'lng  prQce;:s  will  be  rej  entod.  The  pi'OccGS  then  ccntlnaes  in  both  direc¬ 
tions  until  all  the  gaps  in  tl.c  system  liave  fired. 

Tiic  tl  ii'rei-  s'jvj'cc  must  have  u  lew  lir.pedancc  in  Oj-Jer  to  charge  the 
capncltoro  (Cr)  rapidly,  nvo  coupling  cajneitor  Is  made  o-s  large  as  pxjs- 
oiblf  since  as  each  set  cf  gfops  lire,  2C.j  -'"alt'njal  onpacltau'-e  is  r.'ided 
to  the  trJ.ggor  loul.  '.lie  effect,  of  this  1.,  a  reduction  in  the  srlgger 
voltage  availo.'blc  for  the  cnc  gaps  r.,';-. -e  the  total  capacitance  of  the  Kyeto;,’. 
ha-s  to  bo  considered  ’./ith  respect  to  the  site  of  the  coupling  .sapacitor . 

For  exemplc,  In  r.  twenty-gap  systc.',,  ’..•'no’-e  Cg  ^LOCl  end  Ce  5=i=l>x‘Cg,  the 
trlc.ger  voltage  for  the  first  set  of  gaps  is  approximately  0,9  et  and  for 
the  last  Get  of  inips  0.7Y  et.  It  is  also  neccscnry  th.at  the  trigger  source 
be  cnpab'l.c  of  dcllvcrin;;  the  ibll  vcitogr.  (ct)  duj'lng  the  entire  triggering 
proceso . 

The  oncr;;y  reoulrcd  for  the  trlg.ger  con  be  .simply  computed.  If  the 
trlgf;cr  potential  rcqul.-ed  to  <,Ti.';ure  an  ii'tinite  range  and  injiid  firing  of 
a  gap  system  ir  known,  *lie  r-.quireu  cncr(y  can  be  computed  as  follo'./s: 

IJncT'T  =  1/2  n  Cg  ct^  Joules  (l) 

For  a  system  of  twenty  g.ups,  '..liere  C. .  =  70  pja'd  and  et  =  SO  kv,  the  energy 
required  Is  O.  /ps  joule.  If  a  -.tep-ui)  e.rnnsfonn.’^ r  is  used  to  trlg^'cr  the 
gaps,  the  trigger  .nourec  e.'.n  be  a  slmnle  ■■r.i.acltor  dir-charro.  In  thin  case 
Mie  size  of  c’tio  cajic.citv  r/m  be  e.i.mpa’t  d  as  foli.ows: 

Ca  -  n  Cg 

where 

Cg  =  (llseharge  cajiacltor 
H  =  tu’^ns  ratio  of  tran.sftuTier 


In  t'le  Tort- iculor  cnnr*  m-.-r.tlor.nrI  above.  :'f  the  ttimt.  ratio  of  tlio  ti-rnsforiDer 
i.',  ti-.o  dircl  arfo  cniviritor  (itd)  I'us  to  be  u  ulnlrrim  of  .015  }ifd.  It 
‘t'LV'lf;  ;f  ccur.'-.-  t:  ’I  \‘,‘i't  1  y  1  ;  linronsate  foi-  oirruit  r.nc!  transformer 

1'1-son.  nie  voltage  apj^D.iud  to  Cd  .n  tliin  case  would  be  10  kv. 

Since  the  c.^p  GynteU  is  desl^Ticd  to  fire  -vrlth  zero  d-c  potential  on 
tlie  it  provides  a.n  Infinil.e-ianp.o  rvitch  linltcd  only  by  the  total 

broa'\C'Ovn\  voltace  of  all  tlio  japn  in  series.  The  trlpcer  clgnol  itself  is 
n  iiirrow,  hl^h- voltQ:;c  iralse  roquiriiiv  m  enercy  of  approximately  one  Joule, 
ana.  therefore,  a  niiaple  repetitive  trif^cr  source  can  be  constructed.  The 
ri-'i'ctitive  tri^ccr  provides  aO.diil onal  r.otectlon  for  a  crowbar  application 
since  It  continuously  di cchar.i;es  the  c-cracltor  bank  until  the  circuit 
brcok.ers  have  had  the  onpoi-tunity  to  respond. 

i  ;-  . 'sn  PliXtHIPi: 


Tlio  ;:yst.-in,  Inciepenfcnt  of  t>ie  ti'ipyer,  consists  of  three  basic  compo- 
the  '.aps;  the  capacitors  to  and  the  dl-/ldln2  resistors. 

-ll  (ic  “he  cap-  pj-c  the  sane,  tlie  ccpacitors  to  ground  equal,  and  the 
•  :i  -ifMr-'  I  ' ...tutors  of  cq'ja.1  vlue,  mucor-cus  conf Icuiations  may  be  used, 
refore,  dci'OKltnt  on  the  ope  atin.-i  ralvEpe  and  its  regulation,  avall- 

V  I  I  bvji- voltape  co.aponciits,  energy  to  be  switched,  life  requirements, 
•..'T-ly  factor,  available  .space,  and  tiqe  of  tripper,  a  system  con  be 
I  -  loS'-d  for  aiy  appllcacion. 

I .  The  Kl/rstron  Te.st  Equipment; 

T!ie  basic  diaeram  of  the  hi; h*  •■olta;,e  lortlon  of  the  klystron  test 
oquiicnont  Is  shown  in  Fin*  total  capacitance  of  the  enercy  stcrace 

ba.ik  Is  11.5  ;tt'd.  An  effective  scries  resl-stance  of  20  ohm-s  (5  ohms  in  the 
banl^  tuicl  15  oh-as  exteiaal  to  the  bank)  is  used  to  prevent  cxceedinc  the 
pock,  current  capability  of  Uic  capacitors,  ^diich  Is  lli0  ortpercs  per  capaci¬ 
tor,  In  the  event  of  an  arc  In  the  klysti-on.  If  such  a  fault  occurs,  more 

ICO, 'XX)  Joii.c-s  will  ra  .5  thiourli  tl;e  test  egulproent  from  the  capacitor. 
brnV.  alone,  /.r’dltien.*!  cner^-y  that  mny  exceed  this  initial  burst  of  ener{jy 
i/iil  pass  throuch  the  system  'uitll  tlie  circuit  breakers  ha/o  opened. 

'fic  iri.^tallation  of  a  crovb.'ir  in  this  equipment  required  a  deteimil- 
nai'on  of  Uie  best  location  for  the  ei-o’-bar,  both  physically  and  electrically 
she  effect  on  the  cquipiricnt  and  its  caifcnents;  the  Installation  of  a  foult- 
soiiiinc  circuit;  and,  riunl.ly,  the  desijn  and  construction  of  a  crowbar 
equipment  if?  n-oct  the  phy.slcaJ.  and  electrical  boundary  conditions  inipoGod  by 
the  test  cqulpncnt. 


2 .  lli.Yslc.al.  I  .oration  of  Ci-oubar : 

TTie  physical  layout  of  tlie  equipnent  was  studied  to  deterrr.lne  if  a 
rrc.'i  or  o’  the  type  dcvcloi.rd  at  UC/vilRlL  could  be  installed  in  a  location 
>.r  :.’.y  .'.ible  to  the  capacitor  breih.-  Originally  it  was  decided  to  place 

Ih  ■.rf'.'r'i''  in  pr.  adj.-'ininf,  room  where  the  heat  exchanger  is  located.  Tlie 
■  ;  c  cvilollc  for  the  r.iowbur  ’./as  5**"  ^  ^  35"  W  x  I66"  H.  Tills  estalilished 
the  r.v’j; inrun  size  of  the  cro’.'bar  cqulpnent.  The  basic  unit  could  be  designed 
t..  ocnw.j.y  a  35"  ::  3'/''  area,  with  the  additional  floor  space  used  for  the 
ro'rii.iriy  cap.acitor,  Ihe  tiif:qer  ti’unsfoi'acr,  and  any  otlier  noccosary  ceoi'. 

L';u  j.  1  .la-.tcly,  I'lien  the  kly.stions  were  ejerated  at  hlf^hcr  power,  condensation 
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appeared  In  the  heat  ejccha^f^er  roaa,  and  the  raolstuire  level  heceae  too  high 
to  permit  Installation  of  a  hiGh-volta--e  unit  In  the  room.  As  a  result,  the 
crowbar  was  Installed  In  “other  locatloji  on  •>!ie  other  ride  of  the  capacitor 
room.  Since  the  humidity  problem  was  not  known  until  the  crowbar  was  com¬ 
pleted,  the  original  physical  restrictions  were  adhered  to  in  dealfjnlng  the 
crowbar- 

3 -  Electrical  Locoticn  of  Crovxar  and  Resultant  Rqulpment  Modification : 

From  the  standpoint  of  prcrldlng  optlravun  protection  to  the  hlgji- 
volta^p:  portion  of  the  circuit,  it  vo>rld  be  desirable  to  place  the  crowbar 
directly  across  the  capacitor  batik,  as  shotm  in  Fig.  U.  In  the  event  of  a 
fault  sensed  to  the  right  of  the  crovbar,  this  location  provldea  a  short- 
circuit  placement  across  an  arc  in  series  with  1^  ohms  and  shovild,  therefore, 
reduce  the  energy  cvallabio  to  the  arc  by  orders  of  magnitude  and  lend  to 
its  being  extinguished-  '..'itb  the  circuit  values  present,  however,  this  would 
result  in  onl.y  an  effective  resistance  of  5  ohms  In  series  with  the  capacitor 
bank-  The  peck-current  rating  of  the  csnacltor  would,  therefore,  be  exceeded 
during  crowbar  firing  with  ^iiis  placencrit.  On  the  other  hand,  placing  the 
cro-wbar  beyond  the  20-o1ju  s.  ries  reslstcuice  would  put  it  directly  across  the 
points  where  arcing  is  15  V.  le  to  occ’or.  The  firing  of  the  crowbar  would  then 
produce  an  ac’C  directly  ccrc.cs  an  arc,  end  the  two  arcs  would  compete  for  the 
flow  of  (Tjrrent  v/lth  no  sure  protection  for  the  circuit  component.  It  was 
therefore  nocessnjy  to  ciorify  the  existing  circuit  in  order  to  permit  the 
instal.latlon  of  the  crowbar.  Based  on  voltage  ratings  of  a’/allable  rc.sictors, 
it  was  decided  to  modify  the  equlpce.nt  and  pl.ace  the  crowbar  as  shown  in 
Fig.  5*  This  modlficatior.  prC'/idcd  a  total  serle.*!  resistance  of  27-5  ohm-a; 
a  resistance  between  Uie  ban!',  and  the  crowbar  of  20  ohms;  and  a  resistance  in 
series  with  the  klystron  7-5  ohms  greeter  than  that  In  series  with  the  crow¬ 
bar-  VUth  this  arrangement,  when  an  arc  occurs  In  the  klystron,  the  firing 
of  the  crowbar  will  place  a  shunt  of  eppro.xlmatoly  0.1  ohm  across  the 
klystron  and  Its  7.5-ohJi  series  resistance.  As.sumlng  zero  arc  drop  In  the 
klystron,  the  klystron  current  cannot  exceed  93  amperes  compared  to  7OOO 
amperes  possible  vritheut  pr-ctection.  In  these  changes,  not  only  was  the 
rms  dissipetion  taken  into  consideration  but  also  the  Instantaneous  maxlmuBi 
voltage  that  could  appear-  Compoi.ents  vs.-e  selected  that  are  designed  to 
withotand  the  rigors  of  the  .-ntlcipateu  voltage  and  current  surges. 

k.  Crowbar  Design: 

As  dlscusecd  pre vic-csly,  the  phy'sical  layout  of  the  crowbar  was 
dictated  by  the  apace  on  gir.j'lly  uvnilable  for  location  of  the  crowbar, 
iillectrically,  the  crovbar  was  designed  to  hold  off  ll*0  kilovolts  with  no 
spjrlcws  triggering  undei  main  circuit  quiescent  or  noj-mal  pulse  operation. 

The  nci-mol  pulse  operation  of  the  cu.ln  circuit  results  In  the  application 
of  an  approxlnvite  voltage  wave  form  j":  cho-m  In  Fig.  6,  which  appears  across 
the  top  gap  of  the  crowbar.  The  wave  form  Is  based  on  the  aosuraptlon  that 
at  maximum  plate  voltage  the  klystron  vpl  draw  100  amperes  peak  current  for 
a  period  of  ^OO^isec.  Trie  2-kv  dr^g  in  i  .c  to  the  voltage  drop  caused  by 
the  100  amperes  thac  .appeerc  acro.ic  tl.c  Xu-rlim  rosistcr.  Its  exact  shape  Is 
a  function  of  the  time  of  rise  and  fell  or  the  current  pulse.  The  Ij.J-kv 
change  is  due  to  the  rcgulaclcn  of  tlr,-  cr.pccl  tor  bank  and  can  be  computed 
as  follows : 
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tach  Hb  ehangod  to  627.5  ohsa,  thu#  providing  an  affactlro  raalvUnc* 
of  12,5  ohme  In  tho  b&ftr., 

FIG.  5  Ravlaod  Circuit  for  Taat  Equlpsiont 


FIO.  6  VoltagB  V>jva  For* 


(3) 


-ar  -  ^  tp 

c 

vhere  i  pe<ik  oiurrent 

tp  =  pulse  duration 
C  o  total  capacitance 

For  this  case 

i3V  =  100  nmpeios  x  500  ^see  *^1*500  kv 

11.5 

The  total  voltaf^e  charii^e  that  appears  across  the  top  cap  Is,  therefore, 

6.5  kv.  Tiie  top  cap  should  be  capable  of  ulthstonrilns  this  voltage  change 
\d.thout  firing. 


a .  Gap  Conf' , ^ration : 

Since  the  liolgrit  \.'as  no  restriction  and  6.5  kv  vas  the  noxlnjua 
change  that  v/ould  appear  at  the  top  a  30-Gnp  systen  \ms  selected  vlth 

IndlvldaaJ.  gap  settings  of  10  kv.  This  provlrica  a  breakdown  voltage  for  the 
systeci  of  3CO  kv,  which  is  a  safety  factor  of  ICO^.  At  the  same  time  it 
requires  a  lo\/er  broekdown  voltage  for  the  Individual  gaps  than  a  ayotea 
^^Lth  a  lesser  number  of  g.aps  and  the  same  safety  factor.  This  advantage  is 
socevhat  offset  by  the  larger  intergnp  capacitance  of  the  system. 

On  the  basis  of  tests  conducted  on  the  feasibility  model  that 
was  designed  for  50-kv  operation  and  was  tested  in  our  3-0  modula- 

tor^  (which  pro'rides  a  30-jusec  pulse  at  a  peak  carrent  of  120  kiloamperes), 
we  had  previously  arrived  at  a  conclusion  for  the  best  electrode  geometry 
and  materials.  V/e  had  studied  both  belli  and  cylindrical  electrodes  and  bad 
determined  that  the  cylindrical  electrode  was  best.  It  presides  a  short 
length,  large  cro.ss-sectlonal  area  conductor  between  c^ps;  a  large  potential 
discharge  area  within  the  gap;  and  an  effective  thermal  conduction  path. 

Our  study  also  indicated  that  copj)cr  behaved  best  under  the  operating  con¬ 
ditions  and  showed  the  least  erosion.  This  Is  due,  in  great  me.isurc,  to  Its 
high  heat  conductivity. 

b.  Pliyslcal  Layout; 

Having  selected  the  number  of  gaps,  the  gup  setting,  the  elec¬ 
trode  configuration,  and  the  electrode  material,  the  design  for  the  rest  of 
the  crowbar  was  now  dictated  by  tlio  operating  voltage  and  the  available 
floor  area. 


Prime  consldci atlon  was  given  to  evolving  a  physical  design  that 
would  be  corona  free  and  would  have  sufficient  structural  strengl.h  to  stand 
on  its  own  base  and  bo  capable  of  r.hlr/ipent  In  one  piece.  Tlie  Inner  structure 
is  a  heavy  Permall  plywood  trough  that  is  bolted  and  epoxled  together.  It 
porvea  as  the  chassis  on  which  the  gaps,  resistors,  and  capacitors  ore 
mounted.  It  Is  coinpletoly  closed  by  a  plexiglass  vrtndow  for  sound-proofing 
and  sealing  the  trough  to  enable  use  of  nitrogen  atmosphere.  The  plexiglass 


persdts  vlevlnc;  of  the  discharge.  The  outside  structure  Is  aluralrrom,  and  ±t 
provides  a  low- Inductance  ground  return.  It  is  completely  smcoth  on  the 
inside  to  reduce  corona,  front  I'lnel  has  a  plexiglass  insoi-t  to  permit 

viewing  of  the  discharge.  Examination  of  Figs.  7  thru  lo  provides  mure 
detailed  information  of  the  structure. 


c-  Tiividlng  Hcslstors  and  Mounts; 

The  dividing  resistors  are  5  megohms  per  section  with  a  total 
reslstcjice  of  150  megohms  -  This  Limits  the  leakage  current  to  less  than  one 
milllampere  at  full  voltoge  end  provides  a  low  enough  tine  constant  to  permit 
rapid  application  of  the  plate-supply  voltage.  Tlie  resistors  and  their 
mounts  are  shown  In  Figs.  10  end  12.  Each  section  oonslots  of  two  lO-raegohjii 
resistors  in  parallel.  The  mounts  were  designed  to  mlninltc  corona.  For 
lover  voltages,  they  were  made  of  squire  stock  ^rlth  icunded  coiiiCi-s,  and  for 
higher  voltages,  they  were  constructed  eoapletely  from  roimd  stock.  The 
mounts  ore  connected  to  the  gops  by  a  le.nd  from  the  mo\int  to  the  capacitor 
fittings  on  the  side.  The  uppenaost  resistor  mount  is  of  slightly  different 
construction;  it  la  of  rcxu-!d  stock  but  is  mounted  hori7.ontally  rather  thajx 
vertically  and  It  bends  tuaar.d  the  trough  to  rnkc  direct  connection  to  the 
bolts  holding  the  top  electrode.  It  can  be  seen  as  the  upper  riglithand 
connection  in  Fig.  9* 


d.  Ground  Capacitors: 


The  capacitors  used  to  connect  each  gap  to  ground  represent  one 
of  the  most  severe  problems  of  the  crowbar  design,  since  the  top  capacitor 
rmest  bo  capable  of  holding  the  full  plate  \olta(,e  co.ut  inuously.  Although  the 
voltage  requirement  for  those  capacitors  is  reduced  in  accordance  wi.,h  the 
c  uatlon: 


wliere 

and 


VCn  =  Ebb  -  5(n-l)  kilovolts 
n  =  1  13  the  tepiDost  gap 
n  =  30  is  the  lowest  gap 


It  was  decided  to  use  the  seme  capacitor  design  throughout  to  minimize  the 
number  of  different  pai-ts  and  to  simplify  assembly  procedures.  Soctlona  of 
rG-19/U  cable  were  selected  as  the  basis  for  the  capacitors,  since  thla 
cable  wes  used  in  the  basic  equifinent  as  a  high-voltage  cable  required  to 
hold  off  the  lliO-kllovolt  plate  voltage.  The  cables  weie  constructed  by 
utilizing  a  sleeve  cut  to  a  length  suitable  to  provide  30  L^^fd  to  replace 
the  normal  bialded  outer  conductor  of  the  cable.  This  sleeve  serves  as  the 
high-voltage  side  of  the  capacitor.  It  is  approximately  11  Inches  long.  It 
is  flared  outwards  at  both  ends  and  has  corona  rings.  Silastic  rubber  la 
placed  on  those  corona  rings  to  increase  their  radii  and  to  reduce  corona. 

The  silastic  Is  also  placed  between  the  outer  sleeve  and  the  polyethylene  of 
the  cable.  Its  high  dielectric  constant  forces  all  sharp  voltage  gradients 
to  appear  between  the  silastic  and  the  polyethylene,  'ihe  center  electrode 
at  each  end  of  the  cable  Is  bolted  to  the  outer  case  of  the  sti-ucture  ajid 
serves  as  the  ground  connector.  Figs.  9>  10^  11/  fsid  12  present  views  of 
these  capacitors.  j'Txaml nation  of  t.hese  figures  shows  that  these  capacitors 
effectively  simulate  graded  corona  lings  down  the  length  of  the  sti-ucture. 
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FIG.  15  Bottom  Gap  Electrode 


FIG,  16  Top  Gap  Electrode 
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The  coupllna  capacitor  vas  momiLed  externally  and  connected  to 
the  centtn:  electrode  throueJi  a  hlch-voltfi^o  bashing.  Pig-  9  chovs  this 
connection. 

f.  HI ch-Voltaae  Connection: 


The  hlgh-voltece  connection  can  be  jiartially  seen  on  the  top  of 
F:.gs.  9  thru  11-  It  la  an  aluinlnura  cylinder  placed  on  top  of  the  rack.  The 
conaeetlcn  from  the  capacitor  bank  to  the  top  gap  Is  made  with  this  cylinder. 
Hie  cylinder  effectively  fahlnlna  the  coiincctors  and  provides  a  corona- free 
bushing. 

g.  Trigger: 

In  accordance  vlth  the  choice  of  a  mini riiim  of  a  5-to-l  ratio 
of  gap-axpllcd  voltage  to  gap-breakdown  voltage,  the  trl(^er  required  is  ^0 
kilovolts  for  a  gap  breakdown  voltage  of  10  kilovolts  (1/8"  gap  setting). 

With  a  gap  capacitance  of  3 (this  high  value  is  due  to  the  large  dis¬ 
charge  area  chosen)  and  an  individual  gap- to-ground  capacitance  of  32  >yifd 
(including  stroj'  capacitance),  only  60/o  of  the  supplied  trigger  voltage 
appears  across  the  first  set  of  gaps.  K  trigger  supply  voltage  of  60  kilo¬ 
volts  Is  therefore  required. 

Ttie  discharge  tube  celccted  for  the  trigger  is  a  59*^9  hydrogen 
thiT-atron.  To  ensure  that  no  misfires  of  the  trigger  discharge  occur  under 
standby  conditions,  a  maxlmun  d-c  voltage  to  be  applied  to  the  thyratron  of 
l6  kiio'/olts  vas  selected.  To  ensure  reliable  firing  with  a  d-c  voltage  aa 
low  as  10  kv,  we  therefore  have  to  xise  a  pulse  transforraer  with  a  6-to-l 
rati  o.  The  total  capacitance  of  the  gap  system  lo  approximately  1000  ;^fd. 
This  requires  a  dlsch-arge  capacitor  of  0.036yifd  In  the  thyratron  circuit. 

The  basic  logic  dL-iver  circuit  used  to  fire  the  crowbar  Is  shown  schematically 
In  Fig.  17.  Tlie  fault  signal  is  fed  Into  the  pulse  amplitude  selector, 

\dilch  has  a  variable  bios;  If  it  exceeds  a  pre-.set  level,  It  will  trigger  a 
blf  r,c.a  blocking  oscillator.  The  signal  In  turn  is  j7ed  througli  the  cathode 
lojJov/er  output  and  fires  the  hydi'ogen  thyratron.  lieecui*ements  have  shown 
that  the  crowbar  fires  In  0-55  >isec  after  receipt  of  a  fault  signal.  A 
portion  of  the  trigger  sign-nl  Is  fed  back  to  a  univlbrator,  which  applies  a 
•positive  signal  of  a  controllable  length  to  the  grid  of  the  blocking  oscil¬ 
lator,  making  It  free  running.  The  repetition  rate  Is  controllable  and  con 
be  set  for  the  needs  of  the  oystein.  As  a  general  rule,  a  imlsc  separation 
of  1  mlUlsecond  appears  desirable  since  the  deionlsa'^-lon  time  of  th-  gaps 
appear  to  be  in  the  order  of  1-to-lO  niUlDcconds  dependent  upon  the  energy 
flowing  tlirough  the  gaps  and  the  degree  of  ionization. 

TEST  HtSULTS; 

After  Installation,  a  ncries  of  tests  were  conducted  to  determine  the 
most  effective  ranner  of  utilizing  the  crowbar.  In  this  test  the  resistance 
In  series  with  the  klystron  was  varied  and  inductances  were  placed  In  varlo'js 
ports  of  the  circuit.  The  results  obtained  led  to  the  following  conclusions 
for  effective  crowbar  utilization: 

a.  Add  as  much  inductance  In  series  vlth  the  rf  tube  on  the  capacitor 
side  of  the  crowbar  as  con  be  tolerated  In  the  circuit  during  normal 
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opei-atloa  of  the  klystron-  In  nost  circnltc:  the  rise  time  of  the  output 
pul  re  Is  tJotc  rrrd  fiy  otlier  factr'rs  rather  then  this  Inrluctanre.  Tliio 
ItmltG  the  rite  of  rise  of  current  eurinj'  e  fault,  pennittlnc  the  crov/bar 
to  fire  before  any  siaable  current  is  attained. 

b-  Kliirdnnte  Inductance  in  series  vlth  the  klystron  on  the  klystron 
side  of  the  ci-c\/bar.  Tills  assures  a  fast  late  of  fall  of  current  In  the 
klyssron  after  the  crowbar  fires. 

c.  Place  as  much  resistance  as  possible  on  the  klystron  side  of  the 
crowbar  as  can  be  tolerated  during  normal  operation.  If  the  klyafcroa  ere 
does  not  crrtingulah  i.ficn  the  crowbar  fli'es,  the  resistance  determines  the 
effective  source  imnedanco  end  the  cui’rent  that  continues  to  fi.ov  in  the 
Iclystron. 

In  Fig.  itta)  the  fault  current  In  an  air  cap  is  shoim  wlion  r.o  cro'.Aiar 
is  used.  The  current  reached  a  peak  of  20(D  amperes  and  decayed  to  zero  In 
approximate ly  3OO  psoc.  Fic-  shows  the  result  obtained  iflth  an  air 

CLzy  dm  the  ci  G'..‘V.ar  la  the  circuit  -  The  current  reached  3OO  amperes 

and  decayed  to  coro-  T.n  this  case  the  air  gap  was  extinguished.  In  the 
cases  \diere  the  elr  gap  did  not  oxtin.guish,  cui'rent  in  the  order  of  ^0 
aJTiperes  flowed  for  some  hundreds  of  microseconds.  This  is  quite  reasonable, 
since  tlie  tr’O  a’cs  \;cre  competing  i/ith  each  other  except  tliut  one  had  a 
1!>-o1j3  series  reslstance- 

Tlie  cata  of  most  interest  \;ere  that  obtained  with  the  klystron. 

Fig.  18(c)  sho'.fc  a  typical  klystron  fault.  In  tills  case  only  I.3  ;jfd  of  the 
capacitance  ba.nk  was  used  at  5)^>  Itllovolts-  The  current  reacVtc-d  2000  erjperes 
or  hi,giier  (the  current  transformer  was  satui-ated  at  2001  ampere.s)  and 
decayed  to  xero  in  approximately  5'0  microseconds. 

Fig.  lC(d)  shows  the  ex  Pec tlvcncss  of  the  crowt-ar.  In  this  fault  the 
peak  current  never  cxcecdtJ  ;00  i.unpcres  and  decayed  to  zero  in  2  ^sec. 
rrec-coro  changes  monitored  w'i'.t  a  Vac-ion  Gauge  iiidicatcd  negligible  pres- 
si-U'c  changes  in  the  tube.  Fig.  l8'(e)  is  included,  since  it  de-monstrateo  the 
only  obscr.od  fault  'here  r.u  arc  did  not  licr.cdlately  extinfpiish,  and  current 
can  be  see.n  flowing  through  th.e  tube.  In  this  case  a  pressure  change  of 
lxlG~  mm  Hg  at  ';xl0”7  ram  }’z  '-'as  observed.  Tills  figure  demonstrates  the 
necessity  of  IM’-Ing  as  rapidly  as  ixissible  to  avoid  any  gas  evolution.  It 
also  demonstrates  the  need  .'or  multiple  firing,  since  any  increase  in  gas 
pressure  is  almost  certain  to  lover  the  breakdo’jn  voltage  of  the  tube  and 
ceroid  cause  relgnitlon  of  the  arc  duxlng  the  capacitor  recharge  period. 

COFCGU.SIOHG; 

In  sujuoi'.ry,  a  crowbar  sy.stera  design  bos  been  shown  with  the  following 
fe-otureB : 

a.  Fast  fil  ing  -  0-55  y.ccc  after  Initiation  of  fault. 

b.  Low  trigger  energy  -  less  than  two  Joules. 

c.  nnpctltlve  filing  -  pcimlts  protection  until  uialn  circuit  breakers 
have  opened. 


R.  Fault  Current  through  Air  Gap 
Without  Crowbar 


Conditions:  Full  Capacitor  Bank 
at  UO  KV 

Current  Scale  "  2000  A/ca 
Tin©  Scale  •  50>u8»e/ca 

b.  Fault  Current  through  Air  Cap 

With  Crowbar 

Conditions;  Full  Capacitor  Bank 
at  UO  KV 

Current  Seale  "  200  A/ <m 
Time  Scale  ■  50  ^isec/ea 

c.  Fault  Current  through  Klystron 

Without  Crowbar 

Conditions:  Capacitor  Bank  1,3/jfd 
ct  90  KV 

Current  Scale  •  2000  A/ca 
Tljne  Scale  ■  50>i3ec/cn 

d.  Fault  Current  through  Klystron 

With  Crowbar 

Conditions:  Full  Capacitor  Bank 
at  lAO  KV 

Current  Scale  "  200  A/ca 
Time  Scale  "  2  ^asec/ca 

e.  Fault  Current  through  Klystron 

With  Crowbar 

Conditions;  Full  Capacitor  Bank 
at  IMO  KV 

Curretil  Scale  “  200  A/cm 
Time  Scale  ■  2  /leec/ca 

FIG.  18 
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d.  Cow  ncoustfc  energy  -  permits  placement  In  working  area  wltluut  • 
disturbing  persotuieL. 

e.  lOOJo  over-voltage  setting  of  gaps  -  reduces  chance  for  spurloos 
firings 

f.  Infinite  voltage  range  -  provides  protection  at  any  voltage  level 
ana  permits  checking  at  zero  applied  voltage  on  gaps  by  otser’/ing  discliarge. 

g.  Seir-trlgf^rlng  -  If  the  logic-driver  circuit  falls  at  90  kilovolts 
eiui.  oiier  It  will,  self -trigger  tn  the  event  of  n  faulty  never  leaving  the 
tube  without  protection  at  hlglier  voltcxgc.  The  reason  for  firing  is  that  a 
fault  superimposes  a  sufficiently  large  signal  of  a  fast  enough  rise  time 

to  fire  the  crowbar.  This  type  of  operation  is  necessarily  slov/er  than 
normal  trlggorlng  since  the  fault  must  develop  to  a  level  where  the  signal 
fires  the  crowbar. 

h.  Low  inductance  -  permits  rapid  decay  of  fault  current  in  klystron- 
1.  Flexible  design  -  many  different  configurations  may  be  used. 
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A  HlGll-VOLTAGK  MULTICAP  CROWBAR 


by 

G.  Grotz 

Surface  Ai  iuaiucuL  Division 
Sperry  Gyroscope  Company 
Division  of  Sperry  Ibiiui  C(5rpor.ition 
Great  Neck,  L.  I. ,  New  York 


INTRODUCTION 


Many  high-power  radar  transniitlci  s  use  mod  anode  Myslron.s  in  the  ' 
final  lugh-powor  stage.  The  klystrons  are  connected  directly  to  a  high-voltage 
dc  power  supply  that  usually  has  a  large  capacitor  bank  to  minimize  voltage 
droop  during  the  transniittcd  pulse.  As  a  consequence,  a  large  amounl  of 
energy  is  stored  in  the  capacitoi-  !)ank,  and  if  a  fault  occurs  in  the  klystron, 
severe  damage  will  lesult  if  all  the  capacitor  bank  energy  is  dissipated 
within  the  klystron. 


I 


To  avoid  damage  to  the  klystron,  a  device  is  required  that  will  remove 
the  beam  voltage  in  a  short  time,  perhaps  10  to  20  microseconds,  to  keep 
the  dissipated  energy  below  a  critical  level.  Ideally,  a  fast  switch  would 
suffice;  however,  no  means  presently  exist  to  break  a  high-voltage  dc  circuit 
in  this  short  period  of  time.  The  next  aiti’rnative  is  to  connect  a  short,  or 
crowbar,  across  the  klystron  as  rapidly  as  possible.  Since  a  mechanical 
sliorting  switch  is  too  slow,  an  cdecU  onic  device  is  needed.  Tliyratrons  or 
ignitrons  function  well  as  crowbars  since  they  trigger  rapidly  and  carry  high 
currents-  However,  there  arc  no  commercial  units  operating  in  the  300-kv 
range,  and  series  units  appear  impractical.  Thus,  one  must  turn  to  the 
coiiiiiioii  spat  k  gap'  as  tile  basic  device. 


Many  configurations  of  spark  gaps  are  suitable  for  klystron  protection, 
c.  g. ,  the  multigap,  two-g.ip,  or  single-ti  acUing-gap  typ-es  of  crowbar. 

This  paper  will  discuss  a  particular  muUigap  design  and  note  the  specific 
advantages  it  has  over  tlie  olliers. 


OPERATION 

The  circuit  considered  here  is  tlio  imiltigap  crowbar,  shown  in  Fig.  1. 
The  crowbar  is  connected  across  tlic  klystron  so  that,  after  firing,  the 
klysli  on  voltage  is  reduced  to  tlic  level  of  the  crowlxir  arc  drop.  The 
capacitor-bank  energy  is  therefore  dissipalcc!  in  Ri.  The  value  of  Rj 
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usually  is  chosen  for  critical  damping  of  the  capacitor  bank  to  avoid 
oscillations.  Resistance  R2  insures  arc  extinction  witliin  the  klystron  after 
the  crowbar  fires.  Tlic  crowbar  conducts  tlie  capacitor -bank  discharge 
current  through  I?i  until  the  current  drops  below  the  value  needed  to  main¬ 
tain  the  arc.  If  this  value  of  current  is  gi  eater  than  the  dc  jxtwer  supply 
short-circuit  current  at  tliat  instant  of  time,  than  the  ai'c  may  extinguish 
before  (lie  opening  of  llie  primary  circuit  breaker.  In  that  event  the 
capacitor  bank  will  be  recharged  until  the  primary  circuit  breaker  opens. 
Unloi  tunalely,  the  i  ocharged  voltage  on  the  bank,  may  be  sufficient  to  cause 
a  ‘ocOfKl  arc  in  the  klystron  since  ihe  klystron  gas  pressure  stil!  will  be 
fairly  fugfi  a  fi  action  of  a  second  after  the  first  internal  arc.  To  avoid  re¬ 
charging  llie  cajMcitor  bank,  tlic  crowbar  is  rofired  at  10-milIisccond 
intervals  until  the  primary  bi  cal;er  opens,  so  that  Uie  capacitor-bank 
voUago  will  not  rise  significantly. 

The  crowl)ar  {bounded  by  tlie  dashed  lines  in  Fig.  1  and  expanded  in 
Fig.  2)  consists  of  (1)  series  spark  gajj.s  tliat  fire  at  40  kv,  (2)  voltage- 
balancing  resistors  tliat  apply  20  kv  to  each  gap  when  the  entire  crowbar  is 
coniicctccl  to  300  kv,  and  (3)  capacitors  connected  from  each  gap  to  ground. 
Zero  voltage  is  assuinccl  on  the  power  sujiply  capacitor  bank.  The  crowbar 
is  fired  by  increasing  the  charge  on  caiiacitor  C7  by  a  trigger  pulse  fiom 
pulse  transformci’  Tj  and  coupling  capacitor  Cjs.  Gaps  G7  and  Gg  fire, 
and  llicn  caiiacilors  Cq  and  Cg  are  cliargcd  through  the  previous  gaps  until 
gaps  G9  and  Gg  fire.  This  process  continues  until  all  gaps  are  fired  and  all 
ron-ir  itoc  el'.argcs  fall  to  zero  IhrougJi  the  ai  c  clischaj-ge  to  ground. 

Tiiu  pulse  transformer  Tj  is  driven  from  a  large  pulse  capacitor  C17 
that  is  switched  by  a  5C22  tliyralron  triggered  at  10-millisec  intervals  for 
approximately  one-half  second.  The  open-circuit  capability  of  the  trigger 
is  approximately  200  kv,  or  live  times  the  breakdown  potential  of  the  gaps. 
The  firing  time  is  controlled  by  the  impedance  of  the  trigger  source,  the 
value  of  crowbar  caiiacity  to  ground,  and  the  voltage-time  relationship  for 
gap  breakdown.  The  gaps  are  optically  in  line  so  that  the  ultraviolet 
radiation  from  the  first  gap  will  accelerate  the  firing  of  the  subsequent  gaps. 
In  the  event  that  liigt'a  voltage  is  on  the  capacitor  banks,  then  the  firing  is 
further  accelerated  by  the  potential  of  the  capacitor  bank  aiding  the  applied 
trigger  pulse. 

DESCRIPTION 

The  muUigap  crov/bar  consliucLcd  tor  laboratory  use  (Fig.  3)  is  about 
16  feet  high  and  consists  of  brass  electrodes,  re.sistors,  high-voltage  dc 
cable,  and  automobile  inner  tubes,  all  mounted  on  a  maliogany  H  frame.  The 
co'Jiiling  cajiacitor  is  connected  to  the  center  electrode  and  pulse  transformer 
by  HG  IDU  cable  with  tlie  braid  1  onioved. 

The  electrodes  (Fig.  4)  are  hollow  brass  cylinders,  12  inches  long  with 
a  3-1/2-inch  diameter,  pl.accd  over  the  center  conductor  and  dielectric  of 
two  300-kv  cables  with  the  braid  removed.  The  cables  have  been  placed  in  a 
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F!G.  2  MULTIGAP  CROWBAR 


fig.  3  MULTIGAP  CROWBAR 
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vertical,  parallel  amngement,  with  the  electrodes  staggered  to  form  15 
gai>s  separated  by  approximately  one-half  inch.  The  caj'acitors  are  formed 
by  the  eipcti’odo-cable  combination,  since  the  center  conductor  of  tiie  cable 
is  grounded. 


1 


I 


To  eliminate  voids  and  consequent  corona  betv/ecn  tlje  polyethylene 
.surface  of  the  cable  and  the  electrode,  the  entire  cable-cloctrode  assembly 
usis  ijotted  with  vacuum-processed  silastic  rubber.  In  addition,  a  sphere 
was  placed  on  the  center  conductor  of  each  cable  at  the  top  of  ihe  assembly 
and  enc/osed  in  silastic.  This  teelinique  prevented  arcing  from  the  top  high- 
voltage  olecU'ode,  along  the  surface  of  the  cable,  to  the  grounded  center 
conductor  cf  the  cable  at  the  top  of  the  assembly. 


Uniform  dc  ix}tential  distribution  is  assured  by  u  scrie.s  of  15  resistors 
across  tiie  15  ga])3  (Fig.  5).  The  total  number  of  gaps  was  determined  by 
dividing  the  maximum  oi>erating  dc  voltage  by  the  peak  l  ipple  and  droop 
expected  from  the  power  supply  capacitor  bank.  The  riglit  number  of  gaps 
eliminates  the  possibility  of  continuous  arcing  at  the  tO])  gap  during  normal 
system  operation.  To  provide  reliable  operation  free  from  spontaneous  arcs 
in  a  questionable  atmosphere,  each  gap  was  spaced  to  break  at  twice  the 
operating  potential. 

To  avoid  corona  and  consequent  leakage  currents  that  would  upset  the 
<lc  voltage  distribution,  an  automotive  inner  tube  was  placed  around  each 
gap.  The  conductivity  of  an  inner  tube  is  approximately  ten  times  greater 
than  required  tc  distribute  the  charge  uniformly  over  the  surface  of  the 
tube  in  tlie  time  required  to  build  up  the  power,  supply  voltage. 


COMPARISON 


One  may  ask  how  this  unit  compares  in  performance  with  related 
crowbars  such  as  the  tracking-gap  or  Marx-generator  tyi)cs.  First,  the 
two-gap  crowbar  described  in  Fig.  6a  is  considered.  In  tlie  Marx-generator, 
a  number  of  capacitors  are  charged  in  parallel  and  discharged  in  series 
through  spark  gaps  to  attain  a  potential  across  Gj  many  times  greater  than 
the  gap  breakdown  voltage.  Gap  G]  fires  and  raises  tlie  potential  across  Gj 
to  its  firing  point.  Gap  fires  and  discharges  C  (the  capacitor  bank) 
through  L  and  the  critical  damping  resistance  R2»  Unfortunately,  Lis 
required  to  mininii/ie  the  magTutude  of  the  voltage  spike  delivered  to  the 
klystron  during  the  interval  of  time  between  the  firing  of  Gj  and  G2- 

Refcrring  to  the  plot  of  klystron  arc  current  (Ig)  vs.  time  (Fig.  6b)  it 
is  seen  that  the  current  remains  in  the  klystron  during  tliO  time  required  to 
fire  the  crowbar  G2  (tf)  and  slowly  diminishes  during  an  additional  period 
of  time,  determined  by  the  value  of  L,  which  is  called  circuit  ti.me  (t^,).  The 
crowbar  arc  will  then  extingui.sh,  and  the  capacitor  bank  will  recharge, 
applying  voltage  to  the  klystron  until  the  primary  j^owcr  is  removed  by 
the  circuit  breaker  in  time  (td^).  If  the  capacitor  bank  residual  voltage  is 
kc]'i  low,  klystron  arcs  will  not  recur,  and  this  usually  requires  an 
extremely  fast  primary  circuit  breaker.  The  two-gap  crowbar  can  be 
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FIG.  6  TWO-GAP  CROWBAR 


repetitively  fired  to  eliminate  the  capacitor-hank  recharging  problem,  but 
the  crowbar  power  supply  will  be  fairly  large  in  comparison  to  the  other 
two  types  of  crowbars. 

Second,  the  single-tracking-gap  crowbar  (Fig.  7a)  is  considered.  A 
single  gap  is  formed  by  a  fixed  and  movable  electrode.  The  movable 
electrode  is  iX)sitioned  by  a  servo  motor  so  that  the  gap  breakdown  potential 
may  exceed  the  operating  potential  by  a  predetermined  amount  and  v/ill  track 
all  operating  potentials.  The  gap  is  fired  by  a  low-voltage  capacitor  dis¬ 
charge  through  trigger  electrodes  contained  in  the  main  electrodes. 
However,  in  the  event  of  a  klystroei  arc,  the  voltage  appearing  across  gap 
G2  is  reduced  in  accordance  with  the  voltage  division  across  Rj  and 
(Fig.  7b). 

Resistoi  R2  is  cliosen  for  crlllcal  damping,  while  R]  is  cnosen  so  that 
the  gap  potential  during  a  klysiron  arc  will  exceed  a  value  of  one  half  of  the 
hold-off  potential  of  the  gap  to  provide  reliable  gap  firing.  The  klystron 
current  is  reduced  to  i:ero  immediately  after  crowbar  firing,  and  the 
capacitor  bank  will  discJiarge.  The  crowbar  gap  will  de-ionize,  and  the 
capacitor Tjank  v/iJI  recharge  until  the  primary  voltage  is  removed. 
Unfortunately,  the  value  of  Rj  in  tlds  crov/bar  must  be  considerably  larger 
than  the  value  required  in  the  other  two  typos,  which  raises  the  total 
resistance  in  series  with  the  klystron  and  results  in  slightly  inferior  per¬ 
formance  of  the  over -all  radar  system.  In  addition,  this  type  of  crowbar 
cannot  be  repetitively  pulsed,  and  thus  the  primary  circuit  breaker  is  more 
critical. 

Third,  the  multigap  crowbar  Is  shown  in  Fig.  8a,  In  the  event  of  an 
arc  in  the  klystron,  the  arc  current  will  attain  a  value  of  (Fig.  8b)  for  a 
period  of  time  (less  than  2  microseconds)  until  the  crowbar  fires.  After 
discliarge  of  the  capacitor  bank  C,  the  crowbar  will  de-ionize,  and  capacitor 
bank  C  will  start  to  recharge.  The  crowbar  then  will  be  fired  repetitively 
until  after  the  primary  breaker  opens,  to  eliminate  the  residual  capacitor- 
bank  charge. 


CONCLUSION 

Performance  capabilities  of  the  various  crowba,  s,  are  compared  in 
table  1.  It  is  apparent  that  the  multigap  crowbar  will  reduce  the  klystron 
arc  current  to  zero  In  tlio  shortest  period  of  time  and  will  prevent  capacitor 
bank  re-charging.  To  date,  the  mulUgap  crowbar  has  been  fired  in  excess 
of  4,  000  times  and  has  performed  well. 
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FIG.  7  SINGLE  TRACKING  GAP  CROWBAR 


MULTIGAP  CROWBAR 
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of  a  klystron,  particLjipated  in  preliminary  discussions,  and  supplied  ths 
trigger  generator  for  use  with  the  crowbar. 
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THE  USE  OF  TRIGGERED  SPARK  GAPS  AS  CROW  BARS 


by 

Lawrence  B.  Woolaver 
Edgeiton.  Gcrmcshaucen  &  Grier,  Inc. 


Introduction 


Tlie  increased  cost  and  working  voltage  of  many  present-day  lube 
types  has  generated  the  need  (or  an  electronically  controlled,  fast 
acting  svritch  to  be  used  as  a  protective  device  or  crowbar.  To  be  suc¬ 
cessfully  employed  in  this  .ipplication,  a  switching  device  must  possess 
at  least  the  tol’owing  four  characteristics:  high  voltage  holdoff  capa¬ 
bility,  low  impedance  after  firing,  short  delay  time,  and  high  peak  cur¬ 
rent  capability.  Other  features  which  greatly  assist  in  ilie  design  of 
a  successful  crowbar  circuit  arc  such  characteristics  as  ea.sy  trigger¬ 
ing,  wide  working  range,  acceptable  life,  low  standby  power,  size, 
and  so  forth.  The  triggered  spark  gap  has  now  been  devclo)>cd  to  the 
point  where  it  can  compete  very  favorable  with  either  thyrati'ons  or 
ignitrons  for  the  crowbar  application. 

Although  not  a  new  device,  the  cliaracteristics  of  the  triggered  spark 
gap  are  probably  less  well  understood  than  those  of  the  thyratrons  or 
ignitrons.  In  addition,  a  variety  of  operating  circumstance.s  exist  for 
the  spark  gap,  not  all  of  which  arc  recommonded  for  the  crowbar  appli¬ 
cation.  It  is  the  purpose  of  this  paper  to  review  the.se  characteristics 
and  to  illustrate  hew  this  device  can  best  be  employed  in  this  application. 

The  Work  reported  here  refers  principally  to  the  type  GP-12  spark 
gap  which  has  been  developed  at  EG&.G  and  which  is  now  commercially 
available  as  one  member  of  a  family  of  Jtietal-cerainic  spark  gaps.  This 
gap,  illustrated  in  Figure  1,  has  been  designed  to  have  a  working  range 
of  main  electrode  voltage  approximately  from  9  to  25  KV.  It  is  a  three - 
electrode  device  consisting  of  two  main  elcctrorles  and  a  coaxially  located 
trigger  electrode.  The  main  electrode  whiclt  surrounds  tlie  trigger  elec¬ 
trode  has  been  termed  the  adjacent  electrode,  while  the  other  main  elec¬ 
trode  is  the  opposite  electrode. 
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Operating  Modes 


The  throe  electrode  version  of  tlie  ti  iggcred  spark  gap  can  be  op¬ 
erated  in  four  jK^ssiblc  combinations  of  polarity.  Following  a  suggestion 
of  the  Fundia  Coi  poration  made  a  immber  of  years  ago.  KG&G  has  ac¬ 
cepted  the  iiomcriclature  fur  these  oj)e rating  modes  as  sfio'.vn  in  Figure  2. 
The  polarity  signs  as  used  in  this  nomenclature  refer  to  the  reference 
c-lc- Jii-ode,  thus  avoidiiig  any  pi^s.sibility  of  ambiguity.  The  reference 
oii.ciro'.h;  iv  .‘<1  not  be  the  /l  our.dcd  electrode.  The  characteristics  of 
the  .:pariv  -.Ic-pend  heavi.j  upon  the  mode  of  operation,  as  v/ill  be 
-slicAvn  later. 

T I  igger i.i)£C’h;'.ra<:tei  i.-;tics 

Tli'  triggei-cd  spark  gap  transters  from  a  nonconducting  state  to  a 
highly  o’id'ictU!g  ;  tro;  when  an  hutiation  trigger  j>u!se  is  placed  on  the 
tcigge  electrode.  If  the  peak  voltage  of  this  trigger  pulse  is  too  low 
or  the  voltage  aero.:;;  tic  main  electrodes  is  too  low,  the  gap  v/ill  fail 
to  tr>  i.sf'.T  fiom  on.)  ccn.lition  to  the  other.  A  common  method  of  il- 
lusl*’  iting  tlii.'i  clriraclt  I  i.;l  ic  of  a  ti’iggercd  si)ark  gap  is  shown  in  Fig¬ 
ure  3.  These  cui  '.  js  rc  ,n  es  )ni  tiie  data  for  the  GP-12  in  a  slightly 
ici.''i.lize<i  form.  TliLs  type  u'  tiatu  is  obtained  by  jueasin  ing  the  minaviun 
p.ak  triggei  voltage  require:  to  rciir.bly  cause  the  spark  gap  to  .raiisfe: 

ersus  iJie  voltage  appik  d  t.)  th»:  o'.ain  eleedrndes.  3  be  four  principal 
char aeto fist ics  illustrate  1  hy  U  is  graph  are  tlie  st.'i' ic  breakdown  v  dtage. 
cutoif  voltage,  minimum  tr  gge  '  vi  Itage,  and  opor?lin^  r'..ige.  The 
static;  breakdown  voltage  i.s  .lu;  nit  In  cievt rode  vohag*’  at  wln’cii  the  spark 
gap  transfers  spontaneously  .  i  iio  it  an  initiating  ^.iggering  pulse.  As 
the  niiiunniru  electrode  voltage  is  reih':c-d.  the  /eak  trigger  voltage  re 
quii'cd  to  r')liably  cause  the  ga;-  to  trrnsfer  in*  rca.sos  rapidly  and  then 
reaches  a  i  ciativcly  constant  va.cc  wiiich  vi’i  successlulJy  transfer  the 
gap  ovei'  a  wide  range  of  IC-i'  voltag  ‘S.  'khc  range  of  values  of  main 
clcc.trode  Voltage  ever  v/  iicli  the  p.:a.  trigger  voltage  requiremeuf  re¬ 
mains  esi'jcntially  constant  i.i  ‘he  operating  range.  The  value  of  peak 
li  igger  voltage  requiren  t  >  fil  e  tlie  gap  in  the  working  I'ange  is  fre¬ 
quently  referre-d  to  a.s  tlie  min. mum  ti'i''gc.i'  voltage.  As  the  main  elec- 
tiode  voltage  is  reducei*.  a  print  is  reachei'  at  which  the  peak  trigger 
voltage  requii'emcnt  aga’n  in<  reascf;  raj.iflly  anti  finally  reaches  a  point 
v/hcre  the  ga])  fails  tt'  Iransft  i’  regardless  of  the  value  ol  the  peatc  trig¬ 
ger  voltage.  J  ins  vaiue  of  n.ain  ele-:troJe  voltage  has  been  termed  cut¬ 
off,  It  should  be  eii.pl.asiz jcl  that  lUhccgli  tlie  operating  characteristic!! 
of  a  triggered  .spark  >  r:e  ololted  in  Ihi.s  manner,  the  curve  is.  i.i 
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G.2  SPARK  GAPS 
MODES  OF  OPERATION 


IN  ELECTRODE  VOLTAGE -KILOVOLTS 


fact,  a  bonnilaiy  between  two  rcffions.  The  region  above  the  oi>erating 
cliaractei  istic  curve  represents  combinations  of  values  of  peak  trigger 
voltage  and  main  electrode  voltage  which  will  produce  reliable  transfer 
of  the  spai'k  gap.  Tlie  region  below  and  to  the  left  of  the  curve  are 
combinations  which  fail  to  cause  transfer.  Combinations  of  trigger 
voltage  and  minimum  electrode  voltage  on  or  near  Uie  curve  represent 
cojiditions  which  n»a3‘  prove  to  be  unreliable.  In  normal  practice,  ft  fs 
common  to  select  an  operating  point  well  above  tlie  level  of  the  minimum 
trigger  voltage  and  sufficiently'  below  tlie  static  lircakdown  voltage  to 
avoid  the  possibility  of  a  s]Jontancoiis  transfer.  .'5uch  a  point  has  been 
marked  on  I'igure  3. 

The  details  of  the  transfer  characteristics  of  a  spark  gaji  depends 
.  heavily  ujion  tlie  niofle  of  ojici  ation  as  illustrated  in  Figure  3,  The 

jirincipal  shifts  are  in  the  cutoff  voltage  which  serves  to  sliortcn  the  work¬ 
ing  range  and  the  minimum  ti  igger  voltage.  Occasionally  the  static 
bi'eakdo’.vn  voltage  sliows  a  sligjit  sliift  down’vard  wlicn  the  opposite  elec¬ 
trode  is  positive.  .Any  substantial  downward  shut  indicates  a  poorly 
coiistruct'od  gap. 

Delay  Time 

The  basic  purpose  of  a  switching  device  in  a  crowbar  cii  c  uit  requires 
a  very  ragiid  ti'ansition  from  the  nonconducting  to  the  conducting  state 
after  the  application  of  an  initiating  trigger.  Tne  triggered  spark  gap  is 
capable  of  making  this  transfer  in  as  liitle  as  a  few  hundredths  of  a 
microsecond.  Tliis  delay  time  can  be  measured  by  a  techniriue  illustra¬ 
ted  in  l'’igure  -1.  Tliesc  [ihotographs  were  obtained  by  displaying  the 
trigger  voltage  on  one  jilate  of  a  direct  coupled  oscilloscope  and  the 
main  tiiscliargc  current  on  tlie  other  plate.  In  these  photographs  the 
beginning  of  tlie  trigger  jiulse  is  not  visible.  It  can  be  seen  tliat  just 
prior  to  trigger  breakdown,  the  trigger  circuit  draws  sufficient  current 
to  reduce  the  voltage.  After  a  bi'ief  jieriod  in  this  condition,  an  arc 
forms  and  the  trigger  electrode  becomes  electrically  connected  to  the 
voltage  of  the  opposite  electrode.  After  an  additional  delay  period,  cur¬ 
rent  begins  to  flow  in  the  main  electrode  circuit.  This  is  an  ItC  type 
discharge  with  some  oscillations  of  local  stray  capacitance  and  iiiduct- 
ance  supcrimiioscd  on  the  beginning  of  the  pulse.  'I'he  delay  time  has 
been  measured  from  the  period  in  time  wlicn  the  trigger  circuit  begins 
to  draw  current  to  the  period  where  current  begins  to  flow  in  tlie  main 
dcclroue  ciicuit.  It  can  be  seen  tnat  this  period  of  time,  the  >.lclay  time, 
exliibits  some  variation  which  is  tlie  delay  time  jittei*.  The  sine  wave  in 
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Figure  4  is  10  megacycles. 

The  absolute  value  of  delay  time  and  the  delay  time  jitter  of  a  trig¬ 
gered  spark  gap  is  heavily  dependent  upon  the  mode  of  operation  and 
the  main  electrode  voltage  as  illustrated  in  Figure  5.  It  can  be  seen 
that  once  again  Mode  A  is  the  most  desirable  operating  condition  for 
the  crowbar  application  since  the  delay  time  remains  low.  down  to  volt¬ 
ages  only  slightly  above  cutoff.  Mode  B  is  nearly  as  good  as  Mode  A, 
Mode  C  exhibits  a  transfer  characteristic  which  is  short  when  the  ap¬ 
plied  main  electrode  voltage  is  near  the  static  breakdown,  but  which 
rises  sharply  as  the  main  electrode  voltage  is  reduced  towards  cutoff. 

In  those  applications  where  a  high  degree  of  protection  is  not  required 
during  the  initial  turn-on  period,  this  is  not  a  serious  drawback.  In 
those  cases  where  this  type  of  protection  is  required.  Mode  A  or  B 
operation  is  strongly  recommended  since  the  <lelay  time  remains  short. 

The  delay  time  of  Mode  D  is  so  sensitive  to  main  electrode  voltage 
that  it  is  not  normally  recomincmled  for  the  ci  owbar  application. 

The  delay  time  as  measured  above  is  not  directly  applicable  to 
cfowbai'  circuit  tlesign  since  the  delay  period  does  not  begin  at  lime 
zero.  The  total  delay  time  will  include  the  delay  of  the  sensing  circuit 
and  trigger  pulse  generating  circuit  plus  the  time  from  the  beginning  of 
the  trigger  pulse  to  breakdown.  These  additional  delays  are  not  chara¬ 
cteristic  of  the  spark  gap  and  have  therefore  been  excluded  from  these 
data.  In  general,  shorter  total  delay  times  can  be  obtained  with  faster 
rising  trigger  pulses  with  some  slight  adjustment  for  the  fact  that  the 
voltage  at  which  trigger  breakdown  occurs  will  increase  slightly  with  in¬ 
creased  trigger  rise  time.  The  rate  of  build  up  of  current  in  the  main 
dischai  go  path  Is  governed  principally  by  the  external  circuit  and  is  not 
characteristic  of  the  spark  gap.  Thui  cfore,  this  additional  delay  time 
has  been  excluded  from  the  data  presented  above. 

Life 

Tlie  life  of  a  spark  gap  in  a  crowbar  ajiplication  is  difficult  to  pre¬ 
dict  since  it  depends  upon  many  factors  including  peak  current,  pulse 
duration,  electrode  materials,  and  others,  A  GP-12  spark  gap  has 
been  life  tested  at  a  peak  current  of  20,000  amperes  v/ith  a  pulse  dura¬ 
tion  of  a  fc  A'  microseconds  for  over  1000  opei  ations  without  a  significant 
change  in  its  operating  characteristics.  It  is  believed  that  this  may  well 
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FIG.  5  GP-12  DELAY  TIME  CHARACTERIST K.S 


be  a  very  conservative  rating.  Jtome  experimental  sjiark  gaps  have  been 
made  at  EG&G  which  liave  been  tested  with  a  ringing  pulse  of  several 
cycles  duration  at  approximately  100  KC  and  a  peak  current  of  100,000 
amperes  without  a  significant  change  in  the  characteristics  or  serious 
damage  to  the  electrodes  after  1000  operations.  At  lower  peak  currents, 
it  can  be  expected  that  the  life  of  a  spark  gap  will  be  many  thousands  of 
operations. 

Tvoical  Crowbar  Circuits 

■  - -  ■  ■  - 

Of  the  four  possible  modes  of  operation.  Mode  A  (positive  trigger 
with  negative  opposite  electrode)  is  most  desirable  for  the  crowbar  ap¬ 
plication.  A  typical  circuit  for  this  application  is  shown  in  Figure  G, 
Since  the  main  electrode  opposite  the  trigger  electrode  in  this  mode  is 
negative,  it  becomes  necessary  to  employ  a  trigger  transformer  capable 
of  isolating  the  trigger  generator  from  the  full  main  electrode  voltage. 
For  those  crowbar  applications  where  the  cathode  of  the  high  power  tube 
being  protected  is  pulsed  negatively,  this  requirement  does  not  apply. 

The  second  recorrimended  choice  for  crowbar  applications  is  Mode  B  or 
C  (see  Figure  C).  Since  these  modes  employ  a  positive  voltage  on  the 
electrode  opposite  tlic  trigger  elertrncle,  it  is  most  easily  adapted  to 
the  connnoji  crowbar  circuits.  The  price  paid  for  operating  tins  mode 
is  somewhat  reduced  operating  range  for  both  modes  and  increased  de¬ 
lay  time  with  Mode  C. 

Summary 

i  he  triggered  spark  gap  offers  advantages  over  either  the  thyratrons 
or  the  ignitrons  for  many  crowbar  applications.  The  device  is  simple, 
rugged,  easy  to  trigger  and  can  be  operated  in  any  position  or  under 
severe  environmemai  conditions.  The  stand-by  power  requirements 
can  be  reduced  to  essentially  zero  with  cold  cathode  trigger  generator 
tubes  such  as  the  krytron.  The  voltage  holdoff  capability  is  very  high 
with  100  KV  presently  available.  The  peak  power  switching  capacity  is 
higher  than  the  ignition  and  very  much  higher  than  the  thyratron.  The 
elficiency  as  a  sv/itch  is  high  since  the  arc  drop  is  only  a  few  Imndred 
volts  at  very  Iiigli  peak  currents.  The  life  is  more  than  adequate  for 
the  crowbar  application  even  at  very  high  of)erating  conditions.  It  is 
felt  the  triggered  spark  gap  has  much  to  offer  as  a  crowbar  switch. 
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SLT-llARY 

The  paper  deacrihea  a  aoilch  having  a  oeroury  pool  cathode  and  a 
peroanent  gas  filling.  Iho  awiioh  has  contain  advantages  over  oeroury 
pool  dovicos  of  iiio  ignitron  and  excitron  type  in  reliability  and  aoouraoy 
cf  triggering,  hi.^er  rata  of  increase  of  anode  current,  and  improved  anode 
voltage  performance. 


1. 


lIH?.ODUC'riOM 


The  svritch,  vhlcb  ie  essentially  a  norcury  pool  valve  with  a  permanent 
filling,  is  not  completely  new.  Patents  dating  back  at  least  25  years 
describe  valves  of  this  type,  but  there  do  not  appear  to  have  been  opy  large 
scale  conmeroial  developments.  Secant  advancoa  in  design  have  made  devices 
of  this  t^'pa  more  attractive;  this  will  become  apparent  after  a  full 
description  of  the  velve  has  been  given.  The  advantages  of  the  switch  over 
coavcational  mercury  pool  valves  and  other  switching  devices  will  also  bo 
described. 


A  typical  valve  is  shown  in  Figures  1  and  2,  It  comprises  an  onodo 
A,  which  is  partially  enclosed  by  a  metal  screen  0  at  grid  potential,  a 
baffle  B  and  a  mercury  pool  cathode  C,  The  valve  is  enclosed  la  a  glass 
envelop©  E  end  filled  witli  Viydrogon,  deutoriits  or  any  of  the  rare  gases, 
STith  hydrogen  or  doutorioa  filling  a  reservoir  E  may  bo  included. 

In  operation  the  awltch  ia  triggered  by  applying  a  high  voltage  p'jlso 
to  the  grid,  causing  on  arc  spot  to  form  on  the  mercury  pool,  thus 
initiating  conduction  between  cathode  and  (uiodB,  The  baffle  prevents 
cathode  vapour  jots  from  reaching  the  control  gprid. 
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2.  DESIGN  FRINCIFLES 
2,1 ,  Cathode 

The  morouiy  pool  is  capable  of  high  emission  denaitiea  and  is  virtually 
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indeatructiblo.  It  Is  dosir.-ible  to  contabi  the  siorcury  pool  in  aa 
insulating  envelope;  with  a  metal  envelope  thero  is  a  tendency  for  the 
cathode  spot  to  transfer  to  the  ft-all  causing  sputtering  of  the  metal. 

2^.  Baffle 

At  high  peak  carrO:its  jots  of  vapour  are  emitted,  from  the  surface  of  a 
mercury  pool  cathode.  1)10  baffle  prevents  these  Jets  from  reaching  the 
grid  structure,  where  eondonsel  nercury  would  tend  to  reduce  the  voltage 
hold-off  perfomonca  of  the  valve, 

2.3.  Grid 

Tho  grid  has  a  two-fold  p'urpose.  Firstly,  when  a  high  voltage  pulse 
is  enplied  between  grid  n;'.  I  merou:^’'  pool,  a  catlooio  spot  is  formed  on  the 
mercury  thus  initialing  tlic  c.athcde-ano.lo  discharge.  Tho  permanent  gas 
filling  pressure  and  grid-catliode  spacing  are  chosen  so  that  the  Paschen 
sparking  potential  cf  this  i-.ap  is  near  the  ainimun.  Tho  application  of  a 
d.c.  voltage  to  the  grid-cathode  gap  produces  e  characteristic  of  the  fora 
aho7m  in  Figaro  As  tl;o  applied  voltage  rises  tho  grid  current  increases 

stOsidily  and  tho  grid  cathode  region  is  filled  witli  a  diffusa  glow.  The 
voltage  falls  abruptly  to  about  50v  when  tho  current  exceeds  a  critical 
value,  and  an  arc  spot  forms  on  the  surface  of  tho  mercury.  If  an  anode 
voltiga  is  applied  imder  those  conditions,  a  normal  catlio<lo-auodo  are 
discharge  develops. 

At  lower  press'jjres  >i  somewhat  greater  voltage  must  be  applied  before 
an  arc  foras.  For  brc.-ikdown  to  occur  rapidly  under  pulse  conditions  an 
ovor-volt-'igc  must  be  applied.  Table  1  sho-ws  tho  redaction  In  mean  anode 
delay  time  in  a  typical  vnlvo  as  the  grid  trigger  voltage  is  increased. 

The  dol'iy  times  are  relatively  independent  of  anode  voltage,  and  accurately 
controlled  iiiitiation  of  the  cathode-anodo  discharge  can  be  achieved  with 
anode  voltages  us  little  as  J+OOv, 


T/3LS  1 

Grid  Trigger  Voltage  Mean  Anode  Delay 


kv 

mpsao 

16 

200 

20 

1l*.0 

2K 

eo 

30 

80 

(Hydrogen  pressure  0,26  toi*r.) 


It  is  important  tm  t  tin.  mercury  pool  should  be  tho  only  surface  in 
the  gi*id-cati)o lo  field  whic’x  is  at  cathode  potential.  The  pool  must  be 
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contni/l'.Ml  iri  an  inaulAtinj  onvolo^-e^  .ini  no  notallic  loada  should  protrudo 
through  tho  aiji’facc  of  the  ?»orrtiry,  o^.hoJ^Yiae  the  catJ-.oda  arc  nay  fom  on 
the  netol  surface  and  fail  to  itiitirite  a  ;ierciu-y  cathalo  aixit. 

The  second  functSon  of  the  gi'Id  is  to  ciiablo  tha  v'.lvo  to  hold  off  a 
h<£S>  ancvle  voltage  durins  tlie  pej  iort  vrhe.i  iho  erid  la  not  trfg^ccred.  Th* 
device  operates  at  proaaurcn  bclc.t  the  Paschcn  niniiaua  and  rturinc  tha  hold- 
off  period  the  sf'id  is  virtually  at.  caU-.iJo  potonci.f.l .  If  a  hicJi  Paschen 
3)iarkiri£  TOltnge  is  to  bo  nchicvi.-d  leir.oc’j  ai^ode  and  pi'ld,  at  a  siiffioiont 
gas  prcsaura  bo  auiii-ort  .a  high  cuiTcnt  disc'ivargo,  the  effective  spacing 
between  anode  and  grid  must  be  a  minioiUiQ,  l.c,  there  oiiist  bo  no  "I'^ng  paths" 
bobscen  those  elec.trodos,  Th.;iMfore,  the  anode  is  virtually  enclosed  in  a 
box  at  grid  potsiitial.  Ihe  anode-grid  spec  Lug  .aunt  not  be  so  close  that  o 
"fieli  e.oi.ooion"  ty])0  brcikdov.--.  occ-.um  betseei;  those  olectrodcs.  lypicHily, 

for  40kv  aiode  voltaga,  the  gap  aliould  no'  be  les.o  than  about  5  VZilji 

'  this  apoci.ug  tho  follcwing  naxloiuci  fililng  pra.is-irea  are  attahiabla:- 
Dout'jriu;!  0,4  to»T,  Hydrogen  0,3  tori',  IJoliun  0.7  torr.  Argon  0.1  torr* 

Xenon  0.07  torr. 

Tho  do.sijn  of  the  grid  Is  a  cuaprcaiioo  bvlivccn  two  conflinting 
rtcuii'CJoiits,  rcschcii  breoiedoAn  requii  s.?  thst  the  gi-id  aj'er  bires  be 
aui'f ioiontly  smi'il  to  prevent  long  path  b,veal;do-n  botwoon  -anode  end  c.athodo, 
7}-.o  L'upcdirncc  offered  to  tl.o  uisnuargo  i.s,  lioAcvor,  a  mlnirrus)  7rh':n  tho  grid 
olots  arc  very  open,  A  good  cojip’rocloa  is  a  long  narrow  clot  and  in 
practice  e.  slot  width  of  about  3  na  has  been  found  ruibuhio  uillx  deutoriuB 
and  Jiydrogen.  Soao  reduction  in  anedu  field  penetration  has  been  achieved 
by  (ipi'lying  no^ativu  bias  to  tfic  gi'io. 

-...  rocovory-tiao  properties  of  tho  grid  are  unijnportant  in  loi»  duty 
cycl;  xipplioal.i'jii.a  a.nl  for  those  a  sL’iglo  liyor  grid  hns  been  found 
aatisf-aotcry.  For  volvos  whicJ>  ore  to  be  used  in  high  repetition  rate 
circuit-^  a  njiro  ooaplicuto.l  double  layor  grid  aight  bo  required. 

£  ,4 ,  4riode 

Tho  anoda  is  a  dloc  and  ia  surrounJod  by  the  grid  ao  described  in 
Scclion  ?.3»  The  aatcrial  chosen  for  tho  anode  will  depend  on  tha 
sppiioatJciu  V'hai'e  htgli  pseJt  cuiTont.s  i.’vl  long  pulse  lor.gtlis  arc  switched 
the  trsnsltnl  bfmbing  of  tj;p  fo.cn  of  Uio  ano.lo  uny  ral.ac  the  aiu’faco 
turo  oratu  o  to  boiling  point.  iu  thurc  c/i.joa  it  is  de.sirable  tc  use  a 
T  it'  r.^r  1  such  a.s  uolybdo.'iiis. 

Tt/'’,  ni' j.  irt  j  I’.j-'  u_,u  '}io  grid  box  .T  ilhcut  iulrcduu:. ng  long 
patl;  broakr.  j/  i.  To  ^  oveat  broakdoui  ajitr'hpv  ds.ij<pici  aaoio  rf-oJ  ;  such 
ns  that  ;iho^.  ii.  f'igiao  2,  li  '.s»‘d,  fn  -o' on  Lion  a  lar.p  is  ji'.oiie 


,s 


cn  tha  anode  seal  end,  conibincd  with  a  ooolJixg  air  stream  on  the  Icwer  part 
of  tha  valve,  ansiu’es  tiiat  no  mercury  vapour  condenses  in  the  anode  seal 
where  it  might  lead  to  preajatuji'e  voltage  breakdown^ 

3*  BSCEMI  DEVELOatENTS 

It  la  now  possible  to  discuss  why  the  snitch  has  recently  beeoae  a 
more  attractive  device.  To  achieve  a  high  anode  voltage,  coupled  with  a 
sufficiently  high  gas  pressui-e  to  obtain  reliable  triggering,  it  is 
desirable  to  use  tha  more  recently  developed  boxed- in  anode  structure* 

It  would  not,  for  example,  bo  sufficient  merely  to  fill  an  existing 
ignitron  or  excitron  structure  and  hope  that  it  could  be  triggered  in  the 
way  described.  In  addition,  in  repotitiva  opera tion  the  rate  of  gas 
clean-up  car.  'becciae  oi'cessive;  this  can  now  be  overodoe  by  the  use  of 
titanium  hydride  or  deutarido  reservoirs  controlled  by  barretter  and 
thei-mlstor* 

1*.  COMPARISON  T/ITH  OTrfSR  DEVICES 

Tha  switch  possesses  the  following  advantages  compared  with  otliar 
devices 

(i)  Hot  civthodo  T/yralrojis.  Tiie  inaximus  current  which  can  be 
drawn  from  a  hot  cathode  reduces  considerably  at  long 
pulse  length.  For  high  peak  current  operation  at  long 
puloo  lengtt<3  a  large  cathode  oust  thojrofore  b«  used  and 
the  heater  power  bacoios  excessive.  The  use  of  a  mercury 
pool  cathode  in  the  switch  overcomes  these  difficulties, 

(ii)  Ignitrons.  Katerinl  sputtered  from  the  electrodes  of  the 
ignitron  can  cause  orratio  oporatioii  if  it  settles  on  the 
surface  of  the  ignitor  aiid  short  circuits  the  triggering 
discharge.  Tha  grid-cathode  spacing  in  the  switch 
deecribad  in  the  paper  is  large,  and  sputtered  material  la 
unlikely  to  short  circuit  the  trigger  voltago.  At  ambient 
tasperr.Uuos  below  0-l0*’C  mercaiy  vapour  pressure  la  the 
igniti'cn  bocoroes  too  low  to  support  a  high  rate  of  rise  of 
current.  Tho  switch  described  will  continue  to  oparats  oven 
when  tho  morcury  pool  is  frozen, 

(lii)  Triggered  Spark  Capa.  High  pressure  iJftps  will  not  trigger 
readily  at  anolo  voltages  much  loss  than  5^^  of  the  oaximuo 
static  broftkdowa  voltage.  The  now  swltoh  will  operate 
sati.il'actorily  at  of  its  Eordcum  anodo  voltage. 
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"Where  the  j^iik  curraat  and  pulse  length  have  been  very  high,  difficulties 
have  arieon  due  to  erosion  of  the  grid.  AiC  spots  tend  to  fona  on  the  top 
aurfeca  of  the  grid,  possibly  due  to  the  presonoe  of  unipolar  aros*,  and  the 
discharge  subseq^uently  chooses  to  be  collected,  oa  the  loner  aide  of  the  grid 
plate,  and  onitted  on  the  upper,  irithout  passing  through  the  grid  elot* 

The  difficulty  is  accentuated  if  the  volt  drop  In  the  discharge  through  the 
grid  slot  excocds  ‘"le  suai  of  tha  voltage  drop  through  the  niatorial  of  the 
grid  plus  tiiB  drop  in  the  arc  spot  formed  on  top  of  the  grid. 

Unipolar  arcs  form  when  the  potential  difference  habTaen  grid  and 
plasma  exceeds  approximately  10-20  volts.  This  potential  difference  is  the 
sum  of  two  volb’gos:  a)  the  potential  tlrsp  In  the  sheath  produced  around 
the  grid  by  the  high  density  plasua  and  b)  the  potential  difference  between 
the  grid  end  the  plasma  due  to  the  potential  gradient  through  the  plasma  in 
the  region  of  the  grid- 

The  latter  effect  may  be  reduced  by  designing  the  grid  so  that  it  has  a 
minimum  depth  in  the  diractioa  of  the  plnsna  potential  gradient,  thereby 
minimising  t.ho  potential  Jifferauce  between  grid  and  plasma. 

6.  APPLICATIONS 

Trro  possiblo  applications  of  the  a  witch  are  shown  in  Figure  I*.,  In 
h(a)  the  device  is  »>aad  to  discharge  a  sioraga  capacitor,  thus  preventing 
damage  to  on  r.f,  oscillator  when  the  latter  sparks.  In  this  cose  the 
valve  is  ii  itiaUy  holding  off  a  high  forward  voltage,  lo  i*.(b)  the  ST/itob 
Is  used  to  rottcve  an  overawing  voltage  from  a  capacitor  in  a  thermonuclear 
37, -Itching  application.  Here  the  valve  is  initiolly  holding  off  a  high 

inverse  voltage  and  is  triggered  when  the  anode  voltage  reaches  a  positive 
valxte.  In  cirouils  of  this  t^-po  peak  currents  up  to  have  beon  passed 

fov  pulse  lengths  of  about  1  aseo. 
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INKINITE  VOLTAGE  fL^NGE  TRIGGERED  ARC  GAPS 
FOR  CROW  BAR  APPLICATION 

By 

Joseph  P.  Swdnson 
RADDTTION  at  Stanford 

I.  APPROACHES  TO  INFINITE  RANGE  CROWBARS 

During  tha  past  several  years  three  different  appraaclics  to  the  Infinite 
voltaco  range  triggered  arc  gap  problem  have  been  used  at  RRDI/^TION  at 
Stanford.  These  approaches  include  the  L.vo-hail  arc  gap  dischargml  through 
a  satural)!e  transformer,  an  infinite  voltage  lange  three-bail  arc  g-jp  triggered 
by  a  Marx  generator,  and  most  recently,  an  infinite  volLaye  range  ijftdle- 
trlggercd  arc  gap. 

These  tiiroe  approaches  aie  sho.vn  schematically  sn  Figure  1.  Crowbar 
operation  of  the  two-ball  gap  and  saturable  transformer  shown  In  Figure  1-A 
Is  Initiated  by  pulsing  the  primary  of  transformer  T;  and  cvarvoltaglng  arc;  gap 
Gi.  When  breaks  down,  fault  current  pa.sses  through  the  secondary  of  Tj , 
v/hich  rapidly  saturates  and  produces  a  fault  current  diversion  path.  This 
approach  has  the  advantage  of  extreme  simplicity;  but,  it  also  has  several 
disadvantages.  First,  the  transformer  has  a  constant  ET  product  and  thus  the 
time  required  for  the  transfornior  to  saturate  Is  a  function  of  the  voltage  it  Is 
crcv^barrlng .  Secondly,  relatively  largo  values  of  Rj  and  R^  are  required 
because  of  tlie  saturated  Inductance  of  this  transformer  so  that  rapid  fault 
current  diversion  can  bo  accornpllslicd.  Finally,  the  transformer  must  be  con¬ 
structed  so  that  high  fault  currents  can  pass  through  its  secondary  and  this 
becomes  Increasingly  difficult  at  values  of  Vq  larger  tlian  approximately  50  kv. 

Another  approach  to  infinite  voltage  range  protection  involves  the  use  of 
a  three-ball  arc  gap  triggered  by  a  Marx  generator.  This  is  shown  schematl- 
colly  in  Figure  1-B.  Here,  voltage  Vq  appears  Initially  across  both  gaps  Cj 
and  G2.  When  the  Marx  generator  Is  triggered.  It  generates  a  positive 
voltage  equal  to  approximately  twice  V^.  This  voltage  first  breaks  down  gap 
Gj  ,  tlius  applying  a  positive  potential  of  approximately  2  Vq  across  gap  G2 
and  causing  its  breakdown.  This  protective  scheme  works,  but  it  has  several 
disadvantages .  First  end  most  Important,  tiie  Marx  generator  is  not  capable 
of  being  repetitively  triggered  for  practical  crowbar  applications;  secondly, 
field  experience  wjtii  tills  system  has  shown  that  at  values  of  Vq  on  the  order 
of  300  kv  there  is  a  capacitor  reliability  problem  In  the  Marx  generator. 
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Finatly<  In  the  light  cf  what  v/e  now  know  about  infinite  voltage  range  triggered 
arc  gapiJi  the  l.'orx  geneiatcr  approach  Is  too  expensive  a  solution. 

Figure  1-C  shows  schciratlcally  a  crowbar  system  using  an  infinite 
voltage  range  needle-triggered  gap.  The  operation  of  this  type  of  gap  will  be 
discussed  In  the  remaining  portion  of  this  paper. 

n.  Tin:  OPERATION  OF  WIDE  VOLTAGE  RANGE  NEEDLE -TRIGGERED 

ARC  GAPS 

If  two  spheres  are  considered  to  be  isolated  in  space  and  have  a  voltage 
applied  !)otv.'sen  them,  cquipotential  planes  similar  to  those  shown  in  Figure  2 
will  be  established.  An  equipotential  plane  having  a  voltage  of  Vq  is  located 
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exactly  lialfv/ay  between  the  two  spheres  and  has  the  shape  of  a  flat  plane 
perpendicular  to  the  axis  of  the  spheres.  Now,  if  a  straight  conductor  is 
aligned  In  this  equipotential  plane  and  if  it  is  l-iased  to  the  (x^tential  of  this 
plane  by  some  external  means,  this  conductor  will  not  distort  the  electrostatic 
field.  Note  also  that  this  cone  uctoi  (hereafter  called  the  needle)  will  not 
corona  since  it  is  at  the  sanm  ooteritical  as  the  space  in  its  immediate  vicinity 
v/ould  huVO  been  in  in  the  absence  of  the  needle. 

Figure  3  shows  the  method  of  inserting  a  biased  trigger  needle  at  the 
appropriate  equipotential  plane.  Because  this  needle  in  no  v/ay  influences 
the  eh'.ctrosfctlc  field  set  up  by  the  spiieies,  it  does  not  lower  the  value  of  *'he 
breakdown  voltage  botv^cen  these  two  spheres.  It  is,  of  course,  assumed 
that  other  electrical  elements  such  as  and  R2  are  sufficiently  removed  or 
so  arranged  that  they  negligibly  affect  the  electric  field  betv/een  the  spheres 
in  the  region  vliere  the  field  gradients  are  highest. 

A  triggered  arc  gap  of  the  type  shown  In  Figure  3  has  a  v/lde  range  of 
voltage  ojjoraclon  and  requires  a  very  low  energy  trigger. 

To  fire  the  gap,  the  trigger  pulse  of  opposite  polarity  from  Vq  is  coupled 
through  Cl  to  the  needle.  When  the  trigger  eleefrode  is  pulsed  to  a  potential 
other  tlian  that  of  the  oqui.ootentio!  determined  by  the  sp'-eres,  it  forces  a 
rev/  electrostatic  field  configuration  and  the  broaVdewn  between  the  needle 
and  upper  ball  is  now  determined  by  the  needle  point  to  sphere  geometry  and 
potential  cllfference.  Once  the  aeeclle  arcs  to  the  upper  ball.  It  is  shorted  to 
the  potential  ot  the  upper  bail  and  the  breakdown  potential  of  the  needle  to 
lower  ball  is  again  delermlned  by  a  needle  to  sphere  geometry.  Because  of 
the  diffor(!nce  in  geometries  involved  between  the  high  voltage  standoff  situa¬ 
tion,  where  breakdown  is  determined  by  sphere  diameter  and  spacing,  and 
the  trlggcilng  situation,  where  breakdown  voltages  are  determined  by  a  needle- 
Doint  to  .''.phero  geometry.  It  is  po.sslble  to  easily  obtain  an  operating  voltage 
range  of  ^  to  1 . 
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nr.  mnwiTt:  voltage:  rawgi:  wnjDi.i:  triggered  arc  gaps 

Figure  A  shows  tho  scher.iOlic  di  ^jr^rn  of  a  needle  trigejored  gap  similar 
to  that  described  in  the  previous  section,  hut  whicli  has  been  modified  to 
trigger  over  a  voltage  range  of  0  to  -23n  kv.  As  in  the  case  of  the  gap  shown 
in  Figure  3,  the  needle  is  inserted  halfv/oy  between  the  two  sphere  electrodes 
and  biased  to  Vq  .  An  inductance  of  15  microhenries  Is  added  in  series  with 
'T~ 

each  ball  of  the  arc  gap.  The  trigger  pulse  developed  across  the  secondary  of 
transformer  Tj^  is  isolated  from  the  trigger  needle  by  an  arc  gap  set  to  break 
over  at  about  110  kv. 


The  triggering  scauenco  may  bo  oescrilied  as  follows;  Assuming  that  a 
negative  supply  is  being  protected,  a  positive  trigger  pulse  is  generated 
across  the  output  winding  of  trigger  transformer  Ti.  As  this  trigger  pulse 
rises  it  stores  energy  in  capacitor  C2.  After  abcut  ,75  microseconds,  the 
voltage  across  C2  reaches  HO  kv  and  arc  nap  E2  breaks  down,  A  positive 
trigger  pulse  is  then  coupled  to  tlie  r.eocte  through  coupling  capacitor  Cj. 
Assuming  that  the  voltage-  across  the  main  gap  is  zero  wlien  the  arc  gap  is 
triggered,  the  needle  lias  an  eeual  probability  of  arcing  to  either  the  top  or 
bottom  ball,  necaase  of  the  inductaf;ce  in  series  with  each,  ball,  v/hichever 
ball  the  needle  arcs  to  is  pulled  through  a  potential  which  is  greater  than 
Vq  max  <  ^t'-d  as  mentioned  in  tlio  first  part  of  this  paper»  ihis  is  a  high  enough 
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voltage  to  cause  the  needle  to  arc  over  to  the  other  ball  and  thus  completely 
light  the  gap. 


As  the  minus  potential  on  the  top  ball  increases,  the  probability  of 
arcing  to  the  top  ball  first  also  increases,  but  the  probability  that  the  top 
ball  will  be  pulled  sufficiently  posifive  to  arc  .0  the  bottom  ball  decreases. 
However,  note  th.at  the  trigger  signal  applied  to  the  top  boll  is  oscillatory  v/ith 
a  frequency  determined  by  Li  Cj  and  C2  (neglecting  distributed  capacity). 

At  the  end  of  one-half  cycle  of  trigger  signal  oscillation,  both  the  top  ball  and 
the  needle  will  be  negative  with  respect  to  the  bottom  ball  by  a  voltage  equal 
to  the  applied  d-c  voltage  plus  some  large  fraction  of  the  original  input  trigger 
signal  amplitude.  It  can  bo  sbovrn  that  if  th amplitude  of  the  original  trigger 
sicncl  is  great  enough  and  its  source  impedance  is  low  enough,  reliable 
triggering  to  both  balls  can  be  obtained  for  any  value  of  Vq.  The  pimpose  of 
capacitor  C2  and  arc  gap  E2  is  to  insure  that  the  above  requirements  arc  m.ct, 
Note  that  the  triggering  sequenoe  described  above  is  only  needed  during  the 
first  quarter  of  the  arc  gap’s  vohage  range  since  for  d-c  voUng<-.=  than 


k'o  max  firing  of  the  nceuli;  to  the  Icv.er  hail  Is  ccconipllshcd  automatically 
once  the  needle  has  arced  to  the  potential  of  the  high  voltage  ball  (as  discus¬ 


sed  in  Section  I)  . 


Figure  5  shows  the  construction  details  of  the  0-730  kv  yap  just  de¬ 
scribed,  For  this  gap  we  used  tv.o  11-inch  steel  halls  seporated  by  4-1/4 
inches  and  a  steel  trigger  needle.  Inductors  and  L2  arc  seen  at  the  top 
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and  bottom  of  ttie  gap.  The  Inductance  of  Lj  and  L2  is  net  as  large  as  mlgtit 
be  itTiagined  from  looking  at  this  photograph  since  the  corona  rings  have  the 
effect  of  coupling  a  shorted  turn  to  each  of  these  inductors.  The  trigger  needle 
biasing  resistors  and  coupling  capacitor  are  shov/n  on  the  riglit-hand  side  of 
the  gap  case,  and  one  of  the  two  3-inch  balls  which  make  up  the  small  110  kv 
triggering  gap  may  be  seen  on  the  rear  panel  of  the  lucite  case. 

Figure  6  shows  construction  details  of  a  smaller  gap  built  to  trigger  any 
voltage  in  a.  Q-60  kv  range.  This  gap  uses  2-inch  steel  balls  spaced  approxi¬ 
mately  1-1/8  Inches  apart.  In  this  design  the  trigger  needle  Is  physically, 
positioned  slightly  closer  to  the  upper  ball  than  to  the  ground  ball,  and  It  Is 
also  biased  to  a  potential  slightly  larger  than  Vq  .  This  insures  that  the 
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needle  will  always  arc  to  the  top  ball  first,  even  with  zero  voltage  across  the 
gap  thus  permitting  elimination  of  the  Inauctor  in  series  with  the  ground  ball. 
Because  of  the  ease  of  working  with  the  lov/er  voltages  involved,  it  is  pos¬ 
sible  to  eliminate  the  coupling  capacitor  formerly  shown  In  series  with  the 
trigger  needle.  The  tall  column  immediately  to  the  left  of  the  arc  gap  contains 
needle  blrsing  resistors,  and  the  shorter  column  houses  the  capacitors  which 
arc  connected  across  the  secondary  of  the  trigger  transformer, 

IV.  SUMMARY  OF  TEST  DATA 


At  the  beginning  of  fhlti  program,  the  two  most  important  questions  to  be 
ans'.vered  were;  f  irst,  could  the  4.1):l  voltage  range  predicted  by  breakdown 
curt'es  be  achieved  with  a  needle  gap  configuration  of  the  type  shown  In 
Figure  3;  and,  secondly,  what  about  erosion  of  the  trigger  needle  in  the  pre¬ 
sence  of  high  energy  discharges.  Tests  made  on  gaps  using  both  2-lnch  and 
11-inch  spheres  showed  a  reliable  operating  voltage  range  of  4.1  to  1. 

Cur  ability  to  test  needle  erosion  phenomenon  was  limited  by  the  equip¬ 
ment  a\ailable  for  these  tests.  The  first  test  performed  consisted  of  discharg¬ 
ing  a  20 -microfarad  capacity  hank  charged  to  150  kv  into  o  needle  gap  using 
ll-inch  spheres.  This  test  was  performed  with  a  17  ohm  resistance  In  series 
with  the  needle  gap.  At  the  end  of.  20  shots  there  was  some  sign  of  needle 
discoloration  due  to  heat  but  no  observable  erosion  of  the  needle.  During 
these  tests  the  needle  tip  was  positioned  about  3/4  inch  off  the  axis  of  the 
spheres  and  It  could  be  observed  that  at  high  voltages  the  arc  to  both  balls 
always  fotmed  off  the  tip  of  the  needle,  thus  insuring  that  the  needle  did  not 
eiilet  into  tiie  discharge  ccnductlon  path.  However,  it  was  noted  that  as  the 
voltage  across  the  gap  approached  the  low  end  of  Its  4:1  firing  range,  there 
was  a  tendency  for  one  arc  to  form  off  the  tip  of  the  needle  and  the  other  arc 
to  form  at  some  point  behind  the  tip.  V/hen  this  happens,  the  needle  at  least 
Iniiielly  enters  into  the  discharge  conduction  path  and  is  subject  to  erosion. 

To  evaluate  this,  the  20  microfarad  bank  was  charged  to  50  kv  and  discharged 
tltrough  the  gap  15  times.  At  the  end  of  this  test  one  could  detect  minute  pock 
marks  on  the  needle.  To  confirm  the  fact  that  tlie  observed  erosion  was  due 
to  triggering  the  gap  near  Its  low-voltage  limit,  the  gap  using  11 -inch  spheres 
was  replaced  by  a  needle  triggered  gap  using  2-lnch  steel  balls  set  for  a 


Filially  ,  tc.sts  i/ew  porformod  on  the  nt  ;  iSe  tn  -^e:  ec  gap  shewn  In  ^ 
rigur-a  Ii  to  detc-rndr.,  IlS  reliability  of  triggering  al  z  ■  o  voltage  jnd  In  the 
lo\.’  voltag  .  range.  Donng  these  tests  gap  spacing  v/c.s  4.25  inches.  In  the 
fi.' ’.t  test  lie  r.igii  voltege  aiui  le  v  voltage  terminals  o  .he  .rc  gap  v.ere 
-S’r.  'rtca  ogethe-.  '.•'■t:.  cir.  ti-  fool  length  of  RG  17yu  cat  j.  I’or  .''is  condition 
t.iO  g.:ip  tiingered  properly  100  out  of  100  timer. 

a  .1  microfarad  capacitor  was  changed  to  Vv'ltagc'-  vary'ng  between 
zero  uiid  SO  kv  and  <lischirgoJ  into  the  gap  tiircugh  a  3S  chm  e;u-  rent  -limiting 
resistor,  During  this  test,  trigger  voltage  vas  lowered  ZQTa  to  ixpl  ire  tlna 
margin  cf  trinjcrirnj  icliai  i I'ty.  In  spite  .af  th's  20%  loductian  of  trigger 
voltage,-  during  a  total  of  50C  .shots  in  the  icro  to  50  kv  range,  thf  --e  tvorn  only 
t-.vo  mistriqgnrs. 

1  tnclly,  tiK  gap  *1.05  t.orni  cted  tc  a  po.vcr  supply  capable  of  va./^  rt 
jt.3  t  'jitucc  re:,'  ..era  i.o  220  /;>/.  Tluue  v.-t.^rc  no  observed  misfires  at  any 
vo’rage  in  this  .‘ange. 

V.  2 lit:  cit>i:R.giio;.'  ch'  o'r.r.Dbr  rruGGbkrig  gaps  on  positivf  and 
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tlr  wo  k  dune-  v.dih  1-1/2  Inch  sphc.ies  cer^i'^tcd  by  1  i’ich  or  lo.ss  there 
cccmcu  !c  be  ito  .-Auniflccnt  difference  ir.  the  ea.se  with  which  cne  could  trig¬ 
ger  !iir.  g,.n  lAr  pcaitivc  a:.J  ncnrllvc  po-.’.ei'  supplies.  HcAv-cver ,  os  the  spac¬ 
ing  bc'.v/eeri  tlm  sphere  and  Iriggoi  needle  went  out  to  2-1, /ft  inches  (4.25 
Inches  lictv.'eun  .tjhtrcs)  a  5>i<injfiear.t  oGfeience-  developed  In  the  case  of 
li  iggerii'.g  tlus  gap  fc>r  the  -zero  and  ’.’cry  low  voltage  case  v/hcii  a  positive 
trigger  pulse  vvos  applied,  a.s  nnainr.t  v/lion  a  negative  trigger  v;,-i.s  applied. 

1  iruM.’  7  sliows  the  mason  fo'  this  d.itforcnce.  jicro,  It  Is  slnv.-.n  that  for 
needle  to  i/laiie  siiaclngs  beyond  1/2  Inch  or  so,  it  Is  significantly  ear.ioi  to 
trlg-jci  a  needle  to  plane  gaj>  when  the  needle  Is  positive  wltl:  re  street  to  the 
plane  to  v/liich  it  must  trigger.  Since  th<-  trigger  pulse  tor  rhe  neecie  trlngernd 
gap  Is  of  opposite  polarity  from  tti-it  of  the  jiower  supply  being  protected.  It 
Ir:  t.'julcr  to  trigger  the  cap  wh.ip  I'rotcoiing  a  negative  f>ov.’cr  stgiply  than  to 
'  .gger  the  g.ipv.'hen  prolccting  a  positive  po-wor  supply,  Proiii  tills  sr.n'c  curve, 
.1  Is  seen  tViai  as  one  goes  to  higher  and  .higher  voltage  gaps  requiring  spacings 
of  0-0  liicht  s  bcl.vc’ci’  spIii-rcs,  t'ne  Irl-ggcrlng  iJi'oble'in  beconicj  rn’atlveJy 
cMslf  r  a.s  fill  as  the  .  role'ctlo-'  of  a  iicg  illvc  pow<-r  Gup,oly  is  ccnc'-rncd  because 

Cjf  1 )'.{  1-1  T  t/.i  t )  iri^  of  '  fl  * '  f’i  t  •  ^  '••r  •  '1-f  -  • '  -  •  »  c  .  '  •  i  { 

. —  VI  ..G  |»r .  .k* .  .vj  1 /I V I »  V.,;  iktayt:  i.4  f  ..  I  <  J lOf 

noccile  to  idanu  when  t.-.c;  needle  Is  positive  with  msjie’ct  to  the  ph  no. 
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Introduction 


Tlie  triggered  spark  gap  developed  In  our  laboratory  in 
connection  with  fusion  research  may  be  of  interest  to  the 
symiposium  as  a  short  circuit  device  for  the  protection  of  high 
power  klystrons  in  the  case  of  internal  failure.  Tlie  present 
installation  has  a  capacitor  bank  of  38A,000  joules  at  60 
kilovolts  (kv) .  It  uses  four  simultaneously  fired  spark  gaps 
to  generate  a  magnetic  field  of  150,000  gauss  with  a  total 
current  of  3.1  million  amperes  in  a  single  turn  A, 5  In.  in 
diameter,  13  1/7.  In.  long  surrounding  a  h  in.  outside  diameter 
alumina  vacuum  tube  In  vmich  a  high  temperature  deuterium 
plasma  is  produced.  The  resulting  thermonuclear  fusion 
reaction  may  be  monitored  by  counting  the  neutrons  that  are 
produced , 


Ihe  Installation 


Fig.  1  shows  a  photograph  of  the  system.  Ihcre  are  four 
capacitor  banks  each  with  a  spark  gap  connected  to  the  one  turn 
load  v/nich  is  centrally  located  in  front.  Each  of  the  four 
banks  is  housed  in  two  racks  with  six  levels  of  eight  capacitors 
of  5  microfarads  each  rated  20  kv  or  1000  joules  apiece.  A 
wooden  floor  on  which  all  the  spark  gaps  and  associated  leads 
are  placed  is  located  3  feet  6  in.  above  the  concrete  floor  of 
the  building.  Three  levels  of  the  racks  arc  below  this  wooden 
floor  and  three  above  it.  Tnis  arranganent  pennits  parallel 
connection  by  short  v/ide  leads  of  A  groups  of  3  levels  In 
scries  to  give  53.3  microfarads  per  bank  v;lch  a  maximum 
operating  voltage  of  00  kv.  Tne  leads  arc  3  feet  v;idc,  made 
of  copper  or  l)uralui>iin  and  tlic  Insulation  is  six  layers  of 
polyethylene  each  0.030  in.  thielc  operated  with  a  niaxlmun  stress 
of  333  volts  per  mil.  Six  inch  insulating  margins  prevent 
creepage  discharges  from  lead  to  lead.  Fig.  2  is  a  plan  with 
the  main  elements  sketched  In, 
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rig.  L.  General  view  of  fast  pLasraa  compression  installation. 
Single  turn  with  vacuum  tube  is  in  center  forcgrounc.,  capacitor 
racks  around  periphery,  spark  gaps  on  elevated  floor. 


MAGNETIC  COMPRESSION  SYSTEM 

oor  plan  showing  location  of  p‘^*incipal  parts. 


The  Circuit 


Fi<»-  3  shows  the  circuit  diagram;  tlie  ground  symbols  refer 
to  one  extensive  return  conductor  system  of  copper  sheets  3 
feet  v.’i<iiG  laid  directly  on  the  wooden  floor  referred  to  above. 
For  purposes  of  instrumentation  there  is  an  entirely  independent 
Cvopper  ground  plane  ..icasuring  20  feet  by  28  feet  under  the 
installation  on  the  concrete  floor.  'Hie  trigger  electrodes  of 
the  spark  gaps  are  maintained  at  half  gap  potential  by  tv;o  20 
megolim  resistors-  Hie  capacitor  connected  to  the  trigger 
electrode  joins  on  to  a  common  trigger  circuit  shown  at  the  top 
of  Fig.  3.  An  auxiliary  gap  serves  to  apply  simultaneous 
trigger  pulses  to  all  four  main  gaps.  Care  was  taken  to  make 
the  trigger  leads  also  of  low  impedance  and  all  four  of  equal 
length  to  insure  simultaneity  of  firing,  rig.  4  is  an 
oscillogram  of  the  voltage  of  the  bottom  capacitors  in  each  of 
tV:a  four  banks  taken  by  means  of  capacitor  dividers  and  a 
two  beam  osciLlcscope  with  Cv;o  choppers.  No  difference  In 
firing  time  can  be  detected  in  oscillograms  of  this  kind.  Froa 
the  oGcillogcams  we  measure  a  natural  frequency  of  A2  kilo¬ 
cycles  per  second  and  v;ith  the  known  total  capacity  of  the 
bank  of  213  microfarads  v;e  compute  a  total  Inductance  of 
0.068  microhenries.  Tlie  currer.t  is  computed  to  be  3.4  megaxnps 
peak  in  the  four  spark  gaps,  3.1  megaraps  in  the  load  Inductance 
and  0.3  in  the  shunting  prcmagnctlzing  circuit. 

The  prenagnetlzlng  circuit  is  also  sho\jn  in  Fig.  3.  It 
may  be  used  to  establish  a  parallel  or  antiparallel  field  of 
the  order  of  10°/,  of  the  main  field  before  this  is  applied.  The 
spark  gap  in  this  circuit  is  of  the  same  design  as  the  four 
others  but  the  nitrogen  pres.sure  is  50  psig  instead  of  150 
since  the  operating  voltage  is  only  20  kv. 


'fl'e  Soark  Cans 

Tlie  spark  gaps^  are  the  result  of  a  long  development 
necessitated  by  the  requirements  of  low  inductance  (about  10 
nanohenry),  high  voltage  (60  kv) ,  high  current  (0.85  megarap 
peak),  i'casonable  life  before  overhaul  (more  than  100  discharges) 
and  triggering  v;ith  small  jitter.  Fig.  5  shows  a  siirpllfled 
drav;ing  of  the  cross  section  of  the  gap.  A  centrally 
located  steel  tie-rod  v;ith  two  1  1/2  In.  nuts  serves  to  hold 
the  parts  sealed  to),othci:  against  an  operating  pressure  of  150 
psig,  and  at  the  .saroc  tbne  has  the  electrical  function  of  a 
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PREMAG.  BANK 
40x5;iF,  20K.V. 


Fig-  3,  Circuit  diagranj  of  fast  compression  systems 


Fig.  Oscillogram  tai;eu  wirii  L>;o  beam  scope  v.’icli 
choppers  showing  rout  sinuiLtaneous  traces  o£  the  capacitor 
voLtagcs  in  the  four  banks,  lotal  sweep  time  100  ratcroseconcls 


GROMMET 


Sketch  of 


TRIGGERED  SPARKGAP 


;he  cross  section  of  the  pressurized  spark 


trigger  electrode.  Ta  this  ead  it  carries  ici  its  center  a 
flange  with  a  sharp,  60  Jogree,  circular  cd.'G,  tipped  viith 
nioiybdcauin.  The  large  main  electrcides  nachined  out  of  brass 
slabs  are  located  to  cither  side  of  the  firing  fin.  'fne  large 
hollow  end  bells  t!iat  miniinize  the  pressure  rise  caused  by  the 
arc  and  the  three  plaae  insulating  sheets  each  three-eighths 
in.  thick,  show  clearly  in  the  figure.  Tae  action  of  the 
trigg.er  fin  is  base<]  on  the  fact  that  as  long  as  it  is  kept 
at  half  gap  potential  by  the  two  20  tnegohsi  resistors,  the 
electric  field  in  tills  highly  synimetiric  gco.nc-Lry  shcras  no 
extre.ne  stress  regions,  noLwithstan ding  t'ae  .fiarp  edge. 

Hov.'cver,  if  a  hlgh-voLtage  pulse  is  applied  to  the  fin  of 
the  order  of  the  gtip  potential,  prtrnpt  breakdown  Lakes  place 
in  tile  nitrogen  near  the  fin  and  the  mein  discharge  starts. 

It  was  found  that  an  0.080  in.  thick  molybdr  'rn  insert  at  the 
sharp  edge  ruaincains  a  protruding  edge,  while  arc  erosion  wears 
away  some  of  the  stccL  next  to  it.  Most  of  the  development  i/as 
concomed  with  the  insulating  board  in  the  media.n  plane. 

Various  glass  cloth  larainates  wicl:  different  organic  bonding 
materials  and  different  trade  neames  did  not  stand  up  for  more 
chan  50  shots  at  full  voltage  and  current  to  the  hot,  explosive 
blast  of  gas.  They  showed  mechanical  tearing  and  gouging  and 
electrical  creepage  effects.  The  best  results  v:ere.  obtained 
v;hen  the  plastic  bonded  glass  laminate  central  insulati.ng  board 
'.,as  provided  v;ich  a  one-eighth  inch  thick  liner  in  the  shape  of 
a  large  grommet  molded  of  silicone  rubber.  'Tnis  grommet- 
shaped  liner  includes  two  tiiick  edges  wh.ich  act  as  gaskets. 

Many  other  materials  such  as  Mycalex,  Mykroy,  Micamat  and 
Teflon  v;ere  tried  out  none  could  compare  with  s5.1icone  rubber 
vfnich  so  far  has  stood  up  for  tliousands  of  shots  and  shows  no 
deterioration.  Much  less  v;ork  vjas  done  on  electrode  materials; 
brass  is  used  for  the  main  electrodes  for  easy  machinability 
and  steel  for  the  trigger  electrode  for  extra  strength  since  it 
serves  as  a  tic-rod.  Tr.c  brass  electrodes  last  about  2000 
sliols  before  rmnachrning  and  the  trigger  electrodes  have  to  be 
equipped  with  new  mnlybdr.iijm  fins  after  about  200  discharges. 

A  fine  brntis  dust  mixed  with  nitrides  of  copper  and  ^inc  is 
formed  v.'hich  is  non-ccnducting^  A  provision  is  made  for 
bluwj.ng  off  the  nitrogen  and  the  oust  after  every  ten  shots  or 
so  to  prevent  accumuln  ti-.'O';  end  consequent  field  di.s  tor  Cions 
w.iich  lower  the  brc-.d-.euwn  vult-'-ge.  formal  operating  pressure 
for  60  k.v  is  150  i’sig  of  nitrogen  for  the  thrcc-cightlis  inch 
gap.  Cr'.tside  the  prcssiiiiocd  region  the  pj  i.ncip<il  problcii)  is 
to  iiiaiuLain  a  tuff ici>.'nt  creepage  margin  over  the  boards  that 
Insulate  the  end  bellr.  froia  the  main  electrodes  since  the 
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trig^r  electrode  is  exposed  to  high  voltage  tran3ionts«  Also 
proper  overlapping  of  the  polyethylene-,  sheet  insulation  between 
the  leads  and  the  three  insulating  boards  must  he  provided; 
this  is  not  sho'.vn  in  Fig*  5. 

.Adaptation  Tor  Use  as  a  Short  Circuit  Switch 

pressurized  triggered  spark  gap  described  above  may  be 
fairly  directly  adapted  for  use  as  a  protective  sv;iLch  across 
a  klystron  tube.  For  150  kv  it  v/ould  probably  be  much  simpler 
to  use  4  series  of.  three  gaps  of  the  existing  design  potential 
graded  with  a  resi.stancc  divider  rather  than  attempt  to 
develop  a  single  spark  gap  for  the  full  voltage.  Some  consider¬ 
ation  should  be  given  to  the  energy  stored  in  the  rectifier 
filter  which  may  cause  an  oscillatory  discharge  if  no  damping 
resistance  ih  provided,  with  a  dotrLniental  effect  on  capacitor 
life. 

Further  Developments 

In  our  laboratory  the  spark28ap  was  still  further  developed 
by  Goldnan,  Pollock  and  Rej-nolds  mainly  for  the  purpose  of 
reducing  the  jitter  bet\<.’cen  triggering  and  breakdown  from  a 
half  microsecond  to  a  fev;  hundreds.  This  sort  of  accuracy  of 
firing  v'ould  presrunably  not  be  required  for  the  klystron  crow 
bar  application.  It  was  found  that  the  delay  beta;een  the 
application  of  trigger  voltage  and  the  breakdovm  rf  the  gap 
could  be  reduced  and  made  nearly  constant  by  operating  closer 
to  the  static  breakdoivn  voltage  of  trie  gap.  To  allow 
operation  within  207.  of  the  static  breakdown  voltage  it  Is 
necessary  to  make  this  hold-off  voltage  level  very  much  more 
stable  than  it  is  in  the  pressuri.red  gap.  3y  i;ideniug  the 
gap  and  operating  at  atmospheric  pressure  without  any  enclosure 
residual  d-ust  in  the  gap  Mo’.vS  a\.’ay,  the  static  breakdowTx  vol¬ 
tage  becomes  very  nearly  constant  and  the  operating  level  may 
be  60  kv  when  the  bieakdov.ni  level  is  75  kv.  Tliis  kind  of 
operation  results  in  an  accuracy  of  firing  or  jitter  time  of 
25  nano.scconds  and  incrt'ascs  gap  life  but  has  the  diaadvan tage 
of  doubled  gap  inductance  and  explosive  noise  generation. 

Fig.  6  show.s  the  uuw  arnosphcric  pressure  gap  as  it  is  now 
being  used  in  our  laboratory.  Tlicre  are  two  half  inch  gaps  In 
series  between  steel  surfaces  and  the  Lie-bolt-trlgger  electrode 
Is  held  suspended  centrally  iu  (he  main  elcctvouos  by  four 
Jiycalex  insulating  posts  on  each  side.  A  very  fast  trigger 
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circuit  is  used  which  depends  on  the  discharge  of  a  transmission 
line  thru  an  auxiliary  gap. 
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B.  i(.  Blocueke 

D.  Dubln 

I^icx'eoii  Bl.eetjic  llTg.  Co. 

Coil  Florlce-iiit  A/enue 
St.  IjOuIs  yS,  Missouri 

F.  DclAurglo 
H.  Boblneon 

PXR,  Dlv.  ol‘  /jayl’.enol- Borg  Klee  C017.. 
25-26  5^th  Street 
Wood  side  77/  7ork 
D.  J,  Boston 

A.  Fellirun 
J.  llaklinl 
F.  K-lcs'ipnu 

B,  J.  Lcff 

Geiicrnl  Dytuciics  Electronics 
Swi  Dlcjo,  California 
B.  Ai'gor 

General  Electric  C''^'.poiiy 
Bcctlflcr  CcTinpOiOento  DejiurUncnt 
Auburn,  ll’.w  York 
II.  Maphoci 

Genei  u?.  KJ.e  ti  ic  Cotapony 
100  Moln  Avenut) 

Ciii'tvn,  Ecu  Jerocy 
0.  D.  Alilstrin 
)I.  L.  Tate 


General  Electric  Cocipany 
60  JficEjon  Street 
Holyoke,  Macsachvnetts 
D.  M.  DcniercBt 

F.  H.  Headley 
P .  D .  Gn I th 
W.  C.  Stone 

J.  W.  Torrance 

B.  S.  Rlngland 

General  Electric  Coicjiany 
Jolm  Street 

liudoon  Fells,  Ilev  York 

D.  H.  IM.chols 

G.  B.  Wilcon 

General  Electric  Ccianany 
Space  Sciences  Laboratory 
Klni;  of  Pi-ussla,  rejincylvnnla 

C.  J,  rXalzlnskl 
B.  C.  Coed,  Jr. 

General  Electric  Coiq.fjxy 
1  Ri  ver  Btvd 
Schenectady  5/  Hev  York 
If.  y,  n^-rmlng 
R.  Prod ford 
A.  y.  Cooildge 

J.  E.  Dillon 

A.  Mlchaeloon 
W.  H.  Kevins 
R.  Price 

B.  V.  Pohl 

K.  E.  Wilrjon 

H.  E.  Zuvers 

General  Electric  Beccorch  Laborntoiry 
Box  1038 

Gthenectady,  lieu  Yoi'k 

C.  J.  Gallagher 
V/.  F.  r.'eGtondorp 

General  Electric  Co.ripnny 
Court  Street 
Syracuse,  Ecu  York 

E.  B.  Bcocnl’clder 

C.  J.  Elchcnauer,  Jr. 

General  Electric  Company 
901  Drotd  Street 
Uti-'G,  i(eu  Yoi'k 
P,  Fcnoglto 
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Ceneral  Electric  CcE^arvy 
777  l^th  Street  N.W. 

Washington  5>  D*  C. 

J.  E.  Hanan 

Hughes  Aircraft  Ccacpany 
P.  0.  Box  2097 
Fullerton^  California 

J.  V.  Stover 

ET  Component  a  Dl'vistoti 
Pox  1*12 

Clifton,  ^!ew  Jersey 
P.  Ehrhtrrdt 

K.  Llddane 

J.  J.  Tritchler 

IW  Corporfttlon 
492  River  Road 
Nutley,  Eev  Jersey 

R.  T-  Courtney 
H.  l.Tilte 

Kutho  I>cboratorle3,  Inc. 

730  S,  13th  Street 
llcwark  3>  Ifew  Jersey 
J .  1^0. iek 

S .  Cohen 

A.  E.  Gordon 
H.  E.  Krefft 
J,  J.  Myers 
M.  K.  Wilder 

Litton  Electron  Tutc  Coixoratlon 
ceji  Cai'lOG,  CallfOi'a-a 

L.  J.  Fox 

F.  Oed-es 

S.  W.  \.'oolsey 

Lockheed  Electronics  Cocipainy 
U.  S.  Hli^Jivay  =122. 

Plainfield,  Hew  Jersey 
P.  Con’ler 
V.  V.  Jlartlnovltch 

The  Mechlelt  Laboratories,  Inc. 

1063  Hope  Street 
Springdale,  Conncctic.it 
C.  y.lrka 
C.  V.  Weden 

Magnetic  Rc.'carch  Corporation 
3160  W  IJ.  Segundo  I'oulevard 
Hawthorne,  California 

T.  Schwoors 


Manson  Lalioratories,  Ihr, 

375  Fairfield  Avenue 
Ctamfcrd,  Connecticut 
N.  Beske 
n.  Fcldiuan 

S.  Jacoboon 

G.  Lyuta 

K.  Yuan 

Maxson  Electronics,  Corpomtloo 
4£0  U.  34th  Street 
Mew  York.  City,  Mev  Tori 

G.  Galllos 

J.  Vergelchlk 

Microwave  Assoc.,  Inc. 

Sou  '.h  Avenue 

Burlirigtcn,  Massachusetts 

H.  R.  Darling,  Jr. 

R.  W.  McLaren 

Moloiiey  El.ectrlc  Ccopany 
5390  Bircher  Boulevard 
St.  Louis,  Missouri 
E.  C.  Hirschbuehler 

C.  J-  Slevers 

Morden  Laboratories 
ri^'lslon  of  United  Alr-iraft  Corp. 
121  W.  Moreland  Avenue 
White  Plains,  Mew  Yoric 
3.  Brody 

Radio  Corporation  of  America 
Front  a  Cuoper  Streets 
Cojnden,  New  Jersey 

L.  Andrade 
J.  B.  Fviller 

G.  F.  Rosenzwelg 

Radio  Corporatlc.n  of  America 
ICXD  So.  2:nd  Street 
Harrison,  Hew  Jersey 

D.  Mawivlnr.ey 

Radio  Corporutlon  of  America 
Mew  FlolJand  Pike 
Lancaster,  Rt'iinsylvanla 
Vf.  Harbaugh 

T.  E.  Ylngat 
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Rt'^lo  Corporation  of  America 
Borton  Landing  Road 
J^oorostcwn,  ‘lev  Jersey 
T.  J'jv'uirson 
T.  Damia 
C.  Pappaa 
R.  V,  Scheylilng 

Radio  Corporation  of  America 
Prlncetoa,  Nev  Jersey 
R.  Hazy 
E.  K.  Lejton 

Radiation  at  Stanford 
Pelo  Alto,  Cnllfomla 
A.  J.  Morris 
J-  P.  Swanson 

Raytheon  M^uuifacturing  Coropany 
Box  312 
Raj-tvell  Road 
Ecdfoid,  Massachusetts 
J.  H.  Caswell 
W.  Veil 
E.  F.  Weinburg 

Raytheon  Manufacturing  Canpany 
P.  C.  Box  360 
Ife\?i50rt,  Rhode  Island 
R.  ?.  Pfeiffer 

Raytheon  I’onufacturlng  Company 
ahO,  Box  211 
Sudbury,  Massachusetts 
R,  C.  Mong 
A.  D.  Porter 

P.aytiieon  Manufacturing  Cat5)any 

aIvcti*  Diu.ljkllii^  23 

Valthon  54,  llasEachucetts 
G.  W.  Holder 

R  .-."theon  Manufocturing  Canpany 
V4-ylc’jad  Laboratory 
Way land,  Massachusetts 
A.  3.  Ficher 
VI.  Hoover 

P.eseexch-Cottrell  Inc. 

Bound  Bi'ook,  Hew  Jersey 
}[.  J.  Hall 
R.  E.  Wlllison 


3c  D  Laboratories 
£-X)  Rahway  Avenue 
Union,  Hew  Jersey 
P-  Fenster 

C.  GIU 

D.  Matthews 
G.  Thoi-nber 

Sperry  Gyroscope  Canpany 
Great  Heclc*  New  York. 

M.  Coyle 
G.  Grotz 
W.  Kc-stenboum 

C.  Lamerb 

F.  Loeb 

I.  A.  Boss 

Sperry  Gyroscope  Canpany 

55  Donton  Avenue 

Hew  H>te  Park,  Hew  York 

B.  .  Michalak 
VI.  Orlov  sk.1 

J.  Vlolslefer 

Sperry  Pleimont  Canpany 
Bl'/lcion  of  Sperry  Rand 
Charlottesville,  Virginia 
P.  R.  Hamlin 

Speny  Rand  Corporation 
Electronic  Tubes  Division 
Galns\-llle,  Florida 

D.  Harper 

Sprague  Elcctrl.  Canpany 

Marshall  Street 

North  Adams,  Massachusetts 

C.  W.  Chose 

T>  T  .  ..» 

AV  • 

J.  A.  Vlhlte 

Sylvnr.la  Electric  Products 
ICX)  First  Avenu»> 

Waltham,  Massachu'’.etta 

G.  C.  Barker 
W.  J.  Boland 

H.  F.  Onuscelt 
P.  A.  Robinson 

Sylvnnla  Electronic  Systems 
Electronic  Defense  Laboratory 
P.  0.  Box  205 
Mountain  View,  California 
F.  V.  Levla 


Ca^ERCIAL  OltO/unrATIOrJS  (contlmied) 

Tune-Sol  Electric  C-jrqjany,  Inc. 

200  Blormfleld  Avenue 
Dloonif  leld,  llev  Jercey 
H.  Br»ly 
C.  E.  Coon 
R.  l  lann 
II.  ?.  Mcseli 
f.  Kaiicchst 
Ii.  SfjCQer 
A.  Skellctt 

V.'cstiiieiio-'.’oe  '-lectrit.  Coi-pOiVLlco 
F-  0.  Box  2a’» 

1  Irairc,  I.'ev  York 
R.  A.  Frogmens 
L.  H.  Eovc 

R«  J'l  •  jO:.  lO 

J-  G.  SrlLlcr 

V’oetinf^^ouse  Electric  Corporation 
Box  189'r,  j'r  lend  ship  Airport 
Ikiltinorc,  llarylavid 
C.  vestige 
R.  A.  Carder^ 

3.  V.  Gorier 
T.  timoui'gcr 
C.  X.  Hooper 
I!.  L,  Jones 
n.  Lehen 
T.  E,  OL'/cr 
A,  L.  Q’aosihben'y 
E.  J.  Rutter 
C.  H.  Hood 
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I33k«T,  B.  0. 

* 

•  ' ,  F. 

Banka,  R. 

Eeaemfelder,  E.  R. 

■'■'■*>  • 

Brtffa,  A.  j. 

•  1  A  •  V  ♦ 

Butler,  R,  S. 

Cannata,  F, 

Charbcr.nler,  ?,  M. 

Cook,  K.  G. 

hi,  : 

'  '  J  • 

:  •  r 

)  w  • 

Coolidge,  A.  A,. 

S. 

Courtney,  R.  T, 

t  •  *t 

'  '  « 

(T-lck,  R.  W. 

Creedon,  J»  E.  w  . 

-  :th,  V.  U 

Colligatti,  S.  F, 

•-  •  th,  w.  I. 

.  CD 

Etchenauer,  C»  J, 

•  7? 

-  -JVer,  J,  V, 

Fox,  L.  J, 

S’  aln,  L. 

Froelich,  R.  J, 

"’■■'anson,  J, 

dui-den^l.  R.  A. 

^  -• 

'  *  ’ 

r  jTier,  T.  F. 

Goldberg,  S. 

- 

■■  'i'  ,  R".  A. 

Grotz,  C« 

in 

"  sden,  C.  V, 

Hamburger,  T» 

V 

■>b.berc,  E.  F, 

Hiiartson,  A. 

.  0 

».';tendorp,  W.  J, 

Hill,  R.  A, 

1  vC 

•' be  Id  on,  R.  J. 

Jarvis,  R,  E, 

V-  c 

■  'ood,  C.  h  ■ 

Jordan,  R, 

in) 

Joolaver,  1  ■  , 

both,  J3.  M. 

ir*n,  U.  i;. 

Luna,  A.  R, 

1. 

^  "O-  ^k*  ■ 


